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Summary.
The work described in this thesis, although primarily 
concerned with vortex incineration, provides a practical 
advance in understanding the general field of confined vortex 
flow. A new approach to a theoretical solution of the 
aerodynamics of confined vortex flow, based upon classical 
mathematical solutions of vortices, has been developed. This 
has been verified and further refined, partly by means of 
previous work in the field of confined vortex flow, but mostly 
by the experimental investigations during this study, carried 
out on a wide range of vortex chambers. The equations 
developed are,
which gives in dimensionless terms the transverse velocity(v) 
as a function of the radius(r) and a constant(a) which is 
determined by the radius of the peak velocity(r). The 
constants (m,n,X) are theoretically derived to be (m=2,n=l, 
X=1.2564), but experimentally values of (m=3,n=|,X=2.3367) were 
found to be a more accurate reflection of the measured data. 
Experimentally the radius at peak velocity(r) was found to 
correspond to the radius of the chamber exit. It is then shown 
how the equations can be reduced to yield the two part 
fixed/free transverse velocity solutions of previous workers, 
and how in contrast to this solution, the previous work fails 
to define the critical region of peak velocity which occurs at 
the interface of the fixed and free vortex type flow.
From this experimental work it has been possible to 
quantify the effect that the geometric and operational 
parameters of the vortex chamber have on the resultant confined 
vortex flow generated within these chambers. The work is based 
on the primary geometric and operational data of vortex 
chambers, carried out over a wide range of absolute values of
this data so that the results can be generalised, in contrast 
to those of previous workers.
These experimental results have been combined with the 
theoretical solution to yield a refined yet concise solution of 
confined vortex flow, which enables the accurate prediction of 
the velocity profiles within any arbitrary vortex chamber based 
solely on that chamber's geometry.
It has also been shown how a knowledge of the velocity 
pattern within the chamber may be used to predict the path and 
combustion rate of both liquid and solid fuels injected into 
a vortex chamber, by the solution of the equations governing 
both the motion and the combustion of the particle. These 
equations are presented in detail and a computer program for 
their solution is given. The results of simulations of a 
real vortex incinerator operating with various fuels are given 
in graphical and tabular form and their implications discussed.
Brief details are also given of the succesful design 
and operation of an innovative commercial silicate processor, 
based upon a vortex combustion chamber, for which the computer 
program and indeed the whole work of this thesis was employed. 
The subsequent success of this processor shows that the work 
has passed a critical test of its validity and has already been 
of condsiderable commercial use.
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In addition a number of locally defined arbitrary 
functions and constants appear throughout the text. These are 
limited in scope to the chapter in which they appear, and are 
not in conflict with any of the global symbols, as defined 
above, which appear in the said chapter. S.I. units have been 
ajopted throughout wherever necessary.
1. introduction,
Vortex incineration is both a cheap and an efficient 
means of handling many forms of waste products. Suitable 
blending enables wastes with widly ranging calorific values to 
be burnt. Together with combustion there may also be thermal 
decomposition of non-combustible toxic wastes into inert 
products.
The first occurence of vortex combustion in general 
must have been in naturally occurring ffire whirls1,which 
happen in large forest fires where the hot air arising from the 
fire causes the surrounding ground level cold air to rush in to 
replace it. A vortex flow is set up, with the fire providing 
the energy to maintain the system. In essence vortex 
incineration is a contained 'fire whirl1. The underlying 
principle is to use a cylindrical combustion chamber and to set 
up an inwardly spiralling vortex flow of air within the chamber 
by the use of tangential air inlets and an axial flue: The
suitably prepared waste is then injected into the chamber for 
combustion in a turblulent swirling airstream. Correct 
exploitation of the unique properties of the vortex airflow 
within the chamber can result in complete and efficient 
combustion at heat release rates well in excess of 2 MW/cu 
m/Atm.
Problems have, however, occured in existing vortex 
incinerators during their operation on liquid and solid fuels, 
in particular a unit built by Peabody Holmes Ltd. (Fig 1.1). 
Investigation into these problems revealed that they were due 
to a fundamental lack of understanding of both the chamber 
aerodynamics and the trajectories followed by the particles of 
waste material in the combustion chamber. The combusting waste 
material impinged onto the walls of the chamber resulting in 
incomplete combustion and a build up of slag (Fig l.ld). This 
slag had a detrimental effect on the refractory lining of the 
chamber and its presence impaired the operation of the unit, 
eventually requiring it to be shut down for slag removal.
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Particles of slag which become detached from the walls 
during operation also occasionally eject from the flue as a red 
hot clinker giving rise to a considerable fire hazard.
The importance of the trajectory of the waste 
particles within the vortex chamber having been established, a 
method of predicting these trajectories is an important factor 
in improving the system. These trajectories in turn are 
entirely dependant on the particle injection conditions and the 
aerodynamics of the gas in vortex motion within the chamber. 
Hence a pre-requisite to being able to predict the trajectories 
of particles within a particular vortex incinerator is a 
detailed knowledge of the distribution of air velocities within 
the chamber. The aerodynamics within the vortex chamber will 
be related to the chamber geometry and the quantity of air 
passing through the chamber. Once all these relationships 
between geometry, airflow, and particle motion have been 
established it will be possible to carry out system evaluation 
of vortex incinerators, and other related vortex devices, 
solely from a knowledge of their geometry and operating 
conditions. This will enable the improved design of new vortex 
incinerator installations, the investigation of possible ways 
of improving existing vortex incinerators, and the exploration 
of new possibilities in the wider field of vortex combustion.
The scope of the research enables a general theory of 
confined vortex flow as occurs in vortex incinerators to be 
developed from the Navier-Stokes equations, together with a 
practical study of the airflows within a series of vortex 
chambers of varying geometry. A set of time dependent 
differential equations to describe the motion of particles 
within an arbitrary known airflow have been developed from 
Newton's laws of motion. Equations yielding the combustion 
rates of particles from their composition and surrounding 
environment are presented to enable the time dependent mass and 
size of the particle to be calculated. A solution of this set 
of equations will then yield the motion of a given particle 
within a confined vortex airflow as found in vortex
incinerators. This solution can be obtained by numerical 
methods with the aid of a digital computer. Particular cases 
of the solution are presented, both graphically and in tabular 
form, and compared with the results of experimental tests 
carried out on a small scale vortex combustion chamber to 
ascertain the modelfs validity.
1.3
a) Overall view
b) Overall view
c) Stack.
d) Inside chamber
through, tangential 
inlet viewing port
Peabody incinerator:- Figure 1.1
1.4

2. Lite ratu r e s u  rvey^
2.1 General introduction to vortex combustion.
Vortex incineration is a specific field of what can 
most widely be described as combustion in swirling flows.
Indeed most of the relevant literature does not specifically 
mention incineration. A general review of combustion in 
swirling flows has been presented by Syred and Beer[l] 1974. 
They divide the field into two main categories:- swirl inducing 
burner chambers, and swirl combustion chambers where the 
combustion is confined within the swirl inducing chamber.
Swirl combustion chambers are then further divided into two 
more distinct groups. Slagging combustors where the combustion 
takes place on and nearby a molten film of slag which 
continually forms from the combustion products on the 
peripheral walls of the chamber. This film flows down to a 
tapping in the centre of the base where the excess is removed. 
The geometry of the chamber closely resembles that of a cyclone 
dust separator, hence this form often, though not exclusively, 
gets termed a cyclone combustor. The second sub-division of 
swirling combustors is the non-slagging form. Here the 
combustion takes place within the body of the chamber without 
contacting the wall or forming a layer of slag. The geometry 
of this combustor is that of a cylinder with at least two 
tangential inlets around the periphery, and an axially placed 
exhaust in one of the end walls. This form often, though not 
always, gets termed a vortex combustor.
The slagging cyclone combustor has been exclusively 
used to burn high ash content pulverised coals [1,3,4,5,6,7 ,8] . 
One of its major operational requirements is to maintain the 
film of molten slag on the walls at the correct viscosity by 
controlling its temperature. If it becomes too viscous it will 
not flow out of the taphole in the base with the result that 
the chamber will choke up. If it becomes too fluid then the 
thin film on the walls is not sufficient to prevent the eroding 
action of the combusting pulverised fuel from wearing the
2.1
refractory lining away. There is also another problem, that of 
vitrification of the refractory lining caused by interactions 
with the molten slag.
The vortex combustor has been employed with a much 
wider range of fuels namely:- cotton husks[2], wet vegetable 
matter[2],waste gas[9], pulverised coal[10], to high sulphur 
content oil[11]. In all these cases a common factor of the 
operation is that the fuel is kept in the body of the chamber 
by aerodynamic means and does not make contact with the chamber 
walls.
An incinerator, almost by definition, is a combustor 
capable of handling a wide range of fuels. It is therefore 
logical that incinerators based on swirling combustion have 
employed the vortex combustor in preference to the cyclone 
combustor with its added problems of fuel/refractory wall 
interaction, and combustion from a surface[2,9,11,12,13] .
2.2-Origins,.of Voxtel Combustion.
Hurley in 1931[10] reviewed the principles involved in 
combustion of finely pulverised fuel and from this goes on to 
design and construct what must have been one of the earliest 
vortex combustors. He shows that the rate of burning of any 
fuel is mainly determined by:-
1) The temperature in the combustion chamber.
2) The concentration and intimacy of mixing of air and fuel.
3) Turbulence in so far as it results in the movement of fuel 
particles relative to oxygen molecules.
4) The chemical and physical properties of the fuel itself.
Hurley then reviewed experimental data on the times of
combustion for pulverised coal among which was the interesting
example of Pawlikowski's Diesel engine where the time of 
injection is about 0.0023 sec, and the time of combustion 
considerably less than that. It was suggested that the main
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reason for this exceptionally fast combustion was the relative
movement between fuel and oxygen with typical times for the
same size pulverised coal in a furnace being 0.5 secs. Hurley
then performed a numerical investigation of the movement of
particles of pulverised fuel in slowly moving linear
airstreams, as found in conventional combustion chambers. It
was based on the particle momentum at injection, Stoke's Law,
and Newton1s equations of motion. It concluded that the
particle rapidly attains the velocity of the surrounding
airstream and that the relative movement between particle and
oxygen laden air likewise diminishes. Figures given for a
typical 100 mesh (250y) particle of pulverised coal showed that
it had attained >90% of airstream velocity within 0.05secs.
The relationships also showed that for real combusting
particles where the density and/or size will decrease with time
the effect will be to shorten the time taken for the particle
to attain the velocity of the secondary air. The time taken to
attain a specific velocity is directly proportional to the
2
(density) and (radius) of the particle. From this it becomes 
apparent that pulverised fuel particles are soon enveloped in 
an inert atmosphere of their own combustion products rather 
than in one containing fresh oxygen supplies as required for 
rapid combustion. Rather than rely solely on turbulent 
transfer to bring the oxygen to the combusting particle, Hurley 
proposed to use some other force, namely centrifugal (sic), to 
cause the fuel particles to move across the stream lines into 
an oxygen rich atmosphere.
From this proposal evolved his design of the first 
vortex combustor(Fig 2.1). Hurley's design criterion was to 
achieve a radial balance of forces between the inward drag 
force on the fuel particle due to the spiralling airflow and, 
strictly speaking, the inward centripetal force due to drag 
needed to maintain the particle rotating about the centre of 
the chamber at a fixed radius.
Thus particles of pulverised fuel would rotate around
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at a fixed radius forming a cylinder through which the air for 
combustion would be forced to flow, ensuring a predictable 
supply of oxygen for combustion of the fuel. A vortex chamber 
was constructed to Hurley's design and experimental tests were 
carried out on the combustion of pulverised fuel in it. The 
results of the tests showed an improvement in combustion 
efficiency over conventional pulverised fuel firing which was 
in agreement with his theory of improved oxygen supply.
However the air supply was limited to allow only the producer 
gas reaction to take place, the lower temperature of which 
avoided the possible fusion of ash to the brickwork of the 
chamber.
2.3 Design of Vortex Incinerators.
Hurley in his original search for an improved method 
of combustion realized the importance of oxygen supply to the 
fuel. He also appreciated the need for knowledge of the 
chamber's aerodynamics and the particle dynamics of the 
combusting fuel, in order to design a chamber for this 
increased oxygen supply needed to give a higher combustion 
rate. His eventual design of vortex combustion chamber was 
based on the assumption of free vortex airflow within the 
chamber and a steady state solution, the equilibrium particle 
flight radius, of the dynamics of the fuel particle.
To increase our understanding of the principles and 
operation of vortex incinerators in order to be able to improve 
their design, we have to have a more detailed knowledge of both 
the aerodynamics of the vortex airflow within the chamber and 
the kinetics of the fuel particle within the flow.
The primary concern of this work is with the 
combustion of liquid and solid wastes. Nevertheless, 
aerodynamic studies of vortex combustion chambers operating on 
gaseous fuel provide the necessary data for the evaluation of 
the changes in the aerodynamics of the vortex from isothermal
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to non-isothermal conditions. This will enable the results of 
isothermal aerodynamic investigations to be applied to the 
non-isothermal case of the chamber operating under conditions 
of combustion.
The literature of the aerodynamics associated with 
vortex combustion can be divided into distinct fields: purely 
theoretical studies of vortex flow, and experimental 
investigations of flow in actual vortex combustors together 
with a mathematical treatment of the experimental results.
Most of these latter studies have been carried out under 
isothermal conditions or whilst burning gaseous fuels.
2^4 Theoretical studies of vortex flow.
0seen[14] gives the solution to the Navier Stokes 
equations for the decay of the transverse velocity of a 
potential vortex in free surroundings. The solution is exact 
and was found by repeated integration of the Navier Stokes 
equations under the following conditions:-
The initial distribution of the velocity is assumed to 
be that of a potential vortex with circulation of (r0) at time 
(t0) giving:-
w(r ,0) =r0/2Trr 
The form of the final solution being:
w(rft)=r0 1 - exp 2-r
27rr ^4vt,
where w(rft) is the transverse velocity as a function of 
radius(r) and time(t), and (v) is the kinematic viscosity. 
This function is plotted as a dimensionless radius(r/r0) 
against a dimensionless velocity(w 2Trr / r0) for a number of 
dimensionless time values(vt/r02) in figure(2.2). Examining
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this function we see that for (t>0) and (r>0) the function is 
finite and we have quasi-solid body rotation in the centre, 
while further out the asymtotic transition to a potential or 
free vortex takes place. The core of the vortex extends 
outwards with time and its rotation slows down. This causes 
the gradual decay of the initial velocity distribution.
Burgers [15] has discussed an exact solution of the 
Navier-Stokes equations for a 3 dimensional vortex.
Considering an axially symmetric field having velocity 
components expressed in terms of a cylindrical co-ordinate 
system (r,0,z), with velocities (u,v,w), the solution has the 
form:
u=-Ar? v=C/27rr (1-exp (-Ar2/2v) ) ? w=2Az;
where (C) represents the circulation at infinity. The 
similarity of the transverse velocity equation with that of 
Ossen is apparent, however there are also solutions in this 
case for the radial and axial velocities. Examination of the 
transverse velocity equation shows that the circulation (r) 
increases monotonically with distance from the axis (r). This 
means that the angular momentum increases outwards everywhere 
which is the criterion for stability of a frictionless vortex, 
Rayleigh [17] , which suggests that this is a suitable 
representation for a stable viscous vortex as may be found in a 
vortex combustion chamber. It should also be noted that each 
velocity component is a function of only one direction :-
u=f(r)? v=f(r)? w=f(z);
Sullivan [16] has found an analogous solution to 
Burgers in which (u) and (v) are functions of (r) only and (w) 
is a function or (r) multiplied by (z). This gives a family of 
two cell solutions (the boundary of a cell is defined as a 
cylinder where the radial velocity is zero.):-
u=-ar+b(v/r)(1-exp(-ar2/2v))
v=(r/27rr) (H(ar2/2v)/H(°°))
w=2az(1-3exp(-ar2/2v))
where H(x) = (exp(-t*3 (1-e r)/r) dr) dt
Jo Jo
It should be noted that for larger (r) all these 
equations reduce to that of the one cell solution. Graphs of 
dimensionless velocity against dimensionless radius for both 
the one cell and two cell solutions as given by Sulliven are 
shown in figure(2.3). It is seen that the transverse velocity 
in the centre is lower in the two cell solution than in the one 
cell solution.
Existing exact solutions of the Navier Stokes 
equations have relied on certain simplifications such as the 
transverse velocity being a function of (r) only and the radial 
and axial velocities being simple functions of (r) and (z) . 
Under other more general conditions exact solutions are 
inaccessible and numerical means have been applied to obtain 
particular solutions of the stream functions.
Long [18,19] reduces the steady state Navier Stokes 
equations to three ordinary non-linear differential equations. 
He then generates a power series solution by use of a Taylor 
expansion about the axis and an asymtoptic solution for the 
outer region. These are reduced to ordinary linear 
differential equations and then solved numerically step by step 
with the object of joining the two solutions at some arbitrary 
point within the flow. This is an example of a problem with 
two boundary conditions generating two sets of equations where 
the solution is propagated alternately from either boundary to 
arrive at a consistent solution over the whole of the range.
The results of a number of particular solutions giving 
axial, radial and transverse velocity distributions are given 
by Long in graphical form. An interesting feature of the 
solutions is that both one and two cell solutions emerge, and 
that again the transverse velocity resembles solid rotation in
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the core and free rotation outside (as with Ossen, Burgers).
2^-Experimental, studies of vortex flow.
Hurley [10] based his design principles for vortex 
combustors on the assumption of free vortex flow within the 
combustion chamber, that is irrotational flow with constant 
circulation (r=vr). The failing of this assumption occurs in 
the axial region where the velocities would tend to infinity at 
the axis (r=0). Havemann [20] in his design theory for vortex 
combustors mentions a two part solution for the transverse 
velocity in the vortex. For the outer region, the free vortex 
of Hurley exists, however, for the central region a fixed 
'solid rotation' vortex exists. Although Havemann mentions 
both types of vortex flow, he proceeds to develop his theory 
with the assumption of free vortex flow occuping the whole 
chamber. This was the same approach used by Hurley except for 
one modification, the theoretical relationship of the free 
vortex was modified as:-
r=vrn
The constant (n) was found by experimental 
investigation to have a value of 0.75 and this was used in his 
subsequent design equations. He mentions the possibility of 
the value of (n) being a function of radius but goes no further 
in this direction. In fact if (n) is given the value of (-1) 
we have the fixed vortex flow equation.
Hottel [21] carried out experiments on a small 6" 
diameter pyrex vortex combustion chamber burning city gas.
This chamber deserves mention in that it did not terminate in a 
conventional flue of reduced diameter, but differed in that a 
flat disc was suspended a little way above the end of the 
cylinder and a quenching flow of water was made to flow in a 
sheet across the radial exhaust so formed. Investigations of 
the velocity profile within the chamber under cold conditions
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were made and some interesting observations made. The flow in 
the outer regions had the free vortex velocity distribution 
whilst that in the central region had the fixed vortex velocity 
distribution. This combined fixed/free velocity distribution 
is termed a Rankine vortex. The relative radial fraction 
occupied by each type of flow did not alter with axial position 
in the chamber. The velocity distribution depended primarily on 
the total velocity at entry and remained independent of 
volumetric throughput. It was also found that the central 
fixed vortex region occupied about 80% of the chamber volume.
Hottel found that expression of the velocity profile 
within the chamber in a dimensionless form by dividing the 
velocity at any point by the inlet velocity lead to a reduction 
of the experimental data onto one curve. The central region of 
the curve obeys the fixed velocity distribution law whilst the 
outer region obeys that of the free vortex. The boundary 
between these two regions was observed to be one of intense 
turbulence and to be the site of the combustion when the vortex 
chamber was operated on gaseous fuel. It can be shown 
theoretically that the peak transverse velocity occurs at this 
changeover point between fixed and free vortex flow.
A most important finding made by Hottel in his 
combustion tests was that there was no significant change in 
the volume of chamber occupied by the fixed vortex core from 
that of the cold model tests. Due to this, he proposed that 
the transition radius between fixed/free vortex flow was 
determined by chamber dimensions, especially its diameter and 
the outlet diameter. However, he did not further investigate 
the matter by performing tests on similar chambers of different 
dimensions.
Kalishevskii [6] and Baluev [22] have both made 
studies of the aerodynamics of vortex combustion chambers. 
Kalishevskii again found the now familiar fixed/free vortex 
distribution of transverse velocity and also investigated the 
axial and radial velocity profiles as well. He concludes that
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both axial and radial velocities are negligible with respect to 
the transverse velocity. The only exception to this was a 
radial inflow in the vicinity of the base plate at the 
opposite end of the chamber to the flue. This can be explained 
by the fact that there is an overall balance between the 
pressure and centrifugal forces acting on the rotating air 
stream within the chamber. This holds true for the bulk flow 
but the flow adjacent to the base plate is subject to boundary 
layer drag and will. revelve at a slower velocity, thus lowering 
the centrifugal force. The forces are now out of balance with 
the pressure force dominating, which gives rise to a flow of 
air driven radially inwards across the base. The same 
phenomenon occurs in a cup of tea that has just been stirred 
and it is this boundary flow that causes the tea leaves to 
accumulate in the centre of the base of the cup.
Baluev [22] carried out investigations on a series of 
models of vortex combustion chambers to discover the effects of 
the geometry on the aerodynamics of the cyclone chamber. His 
investigations consisted of variations in the following 
parameters:- Chamber height, chamber exit radius, relative 
cross sectional area of the tangential inlets. The chamber was 
unusually unsymmetric with its placement of the two tangential 
inlets at 0° and 90° giving rise to some uncharacteristic 
axially unsymmetric flow patterns. He then proceeds to give 
an exceedingly complex expression for the transverse velocity 
profile within the chamber. The solution is given in two 
parts, one for the central region of the vortex and one for the 
outer region. It involves approximately 50 constants and 
combinations of chamber dimensions, presumably arrived at by 
regression analysis on experimental data. Not surprisingly the 
theoretical and experimental results are in good agreement but 
the applicability of this mathematical expression to other 
vortex combustion chambers is questionable.
A number of other workers have observed the fixed/free 
vortex velocity distribution and its presence seems to be 
generally accepted. Their work goes to substantiate the
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original observations of Hottel [21]. References to these 
other studies may be found in the previously mentioned survey 
of Syred [1]r however, two major questions remain unanswered 
concerning the important region of the changeover between the 
fixed and the free vortex. Firstly, what determines the radius 
at which this changeover takes place? Secondly, what is the 
velocity distribution at the changeover? The answers to these 
questions are heeded in order to be able to predict the 
aerodynamics of vortex incinerators.
|
Another research field involving the aerodynamics of 
confined vortex flow, as found in vortex incinerators, is that 
of spray drying. Both areas of research are concerned with the 
trajectories of particles undergoing mass transfer in confined 
vortex flow fields. The geometry of spray dryers, having one 
tangential inlet and the outlet in the centre of a conical 
base, .is more akin to the slagging cyclone combustor than to 
the vortex combustor, however, the principle aim of maintaining 
the evaporating particles within the body of the chamber is 
exactly that of the vortex combustor. The similarities are 
so numerous that it is somewhat suprising that they have not 
been mentioned previously in the literature concerned with 
vortex combustion. One could almost say that a spray dryer is 
a vortex combustor waiting to be lit!
A recent paper by Reydon and Gauvin [23] 1981 gives 
the results of experimental work carried out on the 
aerodynamics of spray dryers and goes on to develop a 
theoretical treatment of the velocity distribution. They found 
that the tangential velocity profile in a chamber of radius (R) 
was composed of a fixed vortex in the central region and a free 
vortex in the outer region, as has been found in the case of 
vortex combustors. The radius at which this changeover occurs 
remains constant with axial position, even within the conical 
base section of the chamber. Slight deviations in this radius 
were attributed to the unsymmetric flow induced by having only 
the single tangential inlet. This changeover radius also 
remained constant for the various flow rates investigated.
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Again, as in the work of Hottel [21] using the dimensionless 
transverse velocity (v=v/vR) resulted in reducing the data for 
different inlet velocities onto one profile. They noted that 
the transverse velocities dominated over both the axial and 
radial ones, the maximum axial velocity occurring at the same 
radius as the peak transverse velocity which is also the 
changeover point between fixed and free vortex flow.
The theoretical derivation for the transverse velocity 
profile was obtained separately for the fixed and free vortex 
regions. It was derived from the Navier Stokes equations in 
both cases and the resultant equations were:-
v=Ar; Fixed vortex region
1 — kv=v(r/R) Free vortex region
These are the familiar form of the fixed and free 
vortex equations when k=2. From multiple regression analysis 
of the experimental data Reydon obtained modified forms of 
these equations as:-
v=v 1.35 r exp(-0.153(v P*17 r) Fixed region
R 0.72
v=14.97 vR (r) Free region
These gave good agreement with the experimental 
results upon which the regression analysis was done, but again 
they are a two part approximation covering one specific 
chamber with the maximum error in the transition region between 
fixed and free vortex flow as shown in figure (2.4). There is 
no mention of the radius at which the transition occurs as a 
relationship of vortex geometry, although they do mention that 
the fitting of a smaller radius outlet moved the peak velocity
towards the axis of the chamber.
It is easily seen from the form of Reydon's equations 
that they will only produce one dimensionless tangential 
velocity profile no matter what the radius of the outlet is.
The approach they took to use multiple regression analysis on
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the data from only one chamber has lead them to equations that 
are limited in scope to that one particular geometry of chamber 
used. The terms which should have been their to account for 
variable geometry have been absorbed into the constants. Their 
own experiments where the outlet of the chamber was reduced in 
diameter resulted in a different dimensionless velocity profile 
with the peak shifted in conjunction with the outlet radius. 
This would suggest some dependence on outlet radius exists that 
has been ignored in the generation of their expressions.
An overall view of the understanding of confined 
vortex flow may now be taken. It would seem that there is 
general agreement as to the form of the transverse velocity 
profiles of confined vortex flow as generated by various forms 
of vortex chamber. This is an axial region of fixed vortex 
type flow surrounded by an annular region of free vortex flow. 
It is also found that the velocity profile shows a linear 
dependance upon the inlet velocity. The mathemetical 
treatments have been based upon applying the formula for a 
fixed vortex (v=Kr) to the axial region, and that of the free 
vortex (v=K/r) to the surrounding region. Some workers have 
modified these two basic equations to include further arbitrary 
constants and then obtained values for them from multiple 
regression analysis with their experimental results. These 
additions never seem to have any physical basis with the result 
that the final equations are only good at predicting the 
experimental data that they were derived from. Since the early 
work it has been noted, or suggested, that the radius of the 
fixed vortex portion was dependent on the geometry of the 
chamber, and it has been observed to change in accordance with 
the radius of the chamber exit. The solution of the basic 
equations for fixed and free vortex flow could be obtained if 
the transition radius between the two equations was known, as 
this would then give the range of application of each of the 
forms of the equation in terms of the geometry of the chamber. 
Thus the general solution of confined vortex flow, in terms of 
a two part approximation to free and fixed vortex flow, would 
be obtained.
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2^6 Particle kinetics.
The first attempt at predicting the behaviour of 
particles in a vortex combustor was by Hurley [10] . His 
requirement for an improved supply of oxygen to the combusting 
particle lead him to examine the kinetics of a particle in 
linear and rotating airstreams. His solution to the kinetics 
of a particle, diameter(d) and mass(m), in the proposed vortex 
combustor was a steady state solution obtained by balancing the 
external drag force on the particle with those required to keep 
the particle rotating about a point at a fixed radius. These 
were taken as:
Inward drag force=3irydu (Stoke's Law)
Centrifugal force=mv2/r
Havemann [20] followed up this work with a more detailed design 
theory, but still on the basis of a steady state solution, 
ignoring the effects of inertia and change in mass, to arrive 
at an equilibrium radius at which the particle will rotate.
This approach gives the particle size in equilibrium as being
L
directly proportional to (radius) and the ratio of particle 
sizes that the chamber can handle equivalent to the ratio of
L
(chamber diameter/flue diameter) . This approach 
underestimates the capabilities of a real vortex incinerator, 
as no account is made for the momentum of the particle or for 
the fact that it is decreasing in mass due to combustion whilst 
in flight in the chamber. The maximum particle size that can 
be used in a particular chamber without contacting the wall is 
one that by the time it has reached the periphery of the 
chamber, taking due account of the particle momentum, has lost 
enough mass to be at the steady state solution size. Particles 
smaller than the maximum will have compleated combustion before 
reaching the periphery of the chamber. Another misleading 
result of the steady state solution is that it requires an 
inward radial airflow to exist to counterbalance the 
centrifugal force on the particle thereby precluding the 
presence of any particles in the regions of outward radial
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flow. The combustion rates of the particle will also depend to 
a large extent on the supply of oxygen to the particle. This 
is again incorrectly estimated by the steady state solution.
The requirement for a dynamic solution to the fuel particle 
trajectory can be readily appreciated by the fact that a steady 
state solution for the uniform flow field of a conventional 
combustion chamber would have all the fuel on the floor of the 
chamber near the flue.
Bailey [24] presents a dynamic solution to the 
2-dimensional equations of particle motion in a known flow 
field undergoing mass transfer. The starting point for the 
solution is the initial conditions of entry position, entry 
velocity, and entry mass of the particle. From the
aerodynamics of the flow within the chamber the drag force on
the particle and its evaporation rate is calculated. The 
resultant acceleration of the particle due to this force is 
calculated from Newton's laws of motion. This is then
integrated to yield both the velocity and the position of the
evaporating droplet as functions of time. Thus the flight of 
the evaporating droplet within the airflow can be mapped out as 
a function of time. Bailey presents a number of solutions of
evaporating droplets in spray dryers obtained with the aid of
digital and analogue computers. His velocity distribution was
taken to be a fixed/free vortex with the central fixed region
extending to 1/5 of the chamber radius, and a radial inward 
flow of l/40th of the corresponding transverse velocity, a 
figure obtained from experimental investigations. The 
solutions cover various droplet sizes, injection velocities and 
positions, evaporation rates, and airflow velocities. The 
general conclusion arrived at was that intuition on possible 
droplet trajectories often leads to widely incorrect answers. 
Investigations on the radial component of airflow showed that 
in all cases it had little effect on the droplet trajectories 
and could effectivly be ignored. Another important point was 
that the length of the trajectory does not give any indication 
of the life of the evaporating drop. Radial injection outwards 
from the centre and inwards from the periphery showed markedly
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different trajectories, however, no conclusion as to an overall 
optimum injection position could be arrived at and each case 
needs to be individually investigated. Steady radial! i
equilibrium positions were never observed under any conditions 
that he investigated, and all non-evaporating droplets 
eventually reached the periphery of the chamber. This study 
serves to highlight the importance of a dynamic solution to the 
kinetics of particles in rotating flow fields and stimulates 
the mind into developing a more elaborate version, without the 
simplifications made in this model due to limited computational 
power, to solve the kinetics of combusting particles in 
confined vortex flow as exists in vortex incinerators.
2.7 Similarity laws and modelling.
I
Of general importance to any scientific investigation 
of a system is the scope of application of the results obtained 
among other similar systems. In this respect relating the 
results to suitable dimensionless parameters considerably 
enhances their application. The classic work of Reynolds of 
1883 [25] in investigating the stability in the change from 
laminar to turbulent flow and expressing the results by use of 
the dimensionless parameter, later given his name, is probably 
the most well known example of this point. Exact similarity 
for all physical factors between model and system is impossible 
to achieve without having the model identical to the system.
The critical decision to be made is the choice of the physical 
factors pertinent to the problem in question which are to 
remain in similarity. Strict geometric similarity is often not
required and the results may be applied to systems having
differences in the scaling factor applied to each co-ordinate 
direction, although the allowable distortion in scaling factor 
is restricted. In the case of Reynolds the length to diameter
ratio may vary above a limiting number.
The validity of scale modelling for combustion systems 
has been proven by a number of workers [26,27,28]. They have
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shown that similarity of Reynolds number between model and 
system should be maintained for accurate representation of the 
aerodynamics. Exact equivalence of Re is not always required, 
for instance, if the system being modelled operates in the 
turbulent region, it is enough to have the model operating in 
the turbulent region also [29] . The application of modelling 
to combustion systems has primarily involved one of two fluids, 
either air or water, to simulate the flow patterns found within 
the combustor. Essentially using water as the modelling fluid 
readily provides qualitative data giving a rapid assessment of 
the flow patterns to be found, whereas using air as the 
modelling fluid provides precise quantitative data on velocity 
and pressure distribution, though the techniques of obtaining 
the data in this case are more complex and tedious.
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3 A_theoretical analysis
The dynamics of vortex incinerators are divided into 
two sections. Firstly the aerodynamics of the vortex airflow 
within the combustion chamber is considered followed by the 
particle dynamics of the fuel undergoing combustion within this 
vortex airflow. This order is taken under the assumption that 
the fuel particles will have an insignificant effect upon the 
aerodynamics of the combustion air, compared to the effect the 
combustion air will have on the particle dynamics. Indeed, the 
most significant force on the particle is the aerodynamic drag 
from the airflow.
3.1 -Aerodynamics of confined vortex flow.
The form of the flow is a vortex driven from its 
periphery with an axial sink. Cylindrical polar co-ordinates 
are used where (r) is the radial co-ordinate, (6) the angular 
co-ordinate, and (z) is the axial co-ordinate, with 
corresponding velocities (u) in the radial direction, (v) in 
the transverse direction, and (w) in the axial direction. The 
vortex is centred at the origon of the co-ordinate system. The 
fluid has constant density (p) and kinematic viscosity (v).
The Navier Stokes equations for this system in cylindrical 
polar co-ordinates are:-
8 u+u 8 u+v3 u+w3 u-v 2 = -13p+vjVu-u-2 9y \ 3.1
3t 3r r30 3z r p3r 1 r r30
( 2  3 2
3v+u3v+v3-v+w3v+uv = -13 p+v { Vv-2 3u-v j
3t 3rr30 3 z r  pr30 \ PJTb
3w+u3w+v3w+w3w = -13p+v/vw|
3.3
 ___________ __ _  |
3t 3r r30 3z p3z 1
where:- V = 3 2 +13 +1 32 -+32 
3r2 r3r r2 30 3z
3.1
In addition for an incompressible fluid the continuity 
equation (conservation of mass) is
18(ru)+18v+8w = 0
r8r r80 8z 3*4
3,1,1 solution _of_the Navier Stokes equations.
The form of the solution to the above equations that
is developed is after Burgers [15] where axial symmetry is 
assumed and the component velocities (u,v,w) are a function of 
one co-ordinate direction (r,0,z) only as given by:-
8u = 8v = 8w = 0
80 80 80
u=f(r); v=g (r); w=h(z);
For the axial component of velocity (w) with consideration of
3.6 we take a solution of the form:-
w=Kz 3.7
The equation of continuity (3.4) with (3.6) gives:-
18 (ru)+8w = 0 
r8r 8z
Substituting (3.7) gives:-
8 (ru) = -Kr 
8r
Integrating gives:-
ru = -JLKr2+F(z)
2
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From (3.6) u=f(r) so the arbitrary integrating constant is
eliminated giving:-
u = -_l_Kr  ^’
2
Substituting (3.5) into (3.2) gives:-
u9v+uv = v (9 2y+19v-v \
9r r 9P  r9r r2
Rearranging using 9 (uv) 
9x
u9v+v9u 
9x 9x
v9_/9y+y 
9r\9r r
u j 9v+v 
9r r
Substituting y = 3y+y and also collecting constants gives
9r r
9(y)+2Ar(y) = 0 
9r
9y+2Ar9r — 0
T
Integrating s-
log(y) = -Ar2+C
y = K e
Back substitution for y gives:-
9v+v = Ke 
9r r
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Multiplying by the integrating factor gives:-
-Ar 2r9v+v = Kre 
9r
(If 9y + Py = Q then Integrating factor is e^P^X )
5x
9(rv) = Kre 
9r
-Ar2
Integrating
-Ar2rv = -Ke +B
Taking the condition when r = 0 gives:-
0 = -JK + B 
2A
So
—Ar ^rv = -Be + B
v = B j  1 _ e-Ar2 \ 3.10
The forms of equations (3.7,3.9,3.10) are shown in 
figure (3.1).
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3-^L.2 Comparision with existing theory.
Taking the case as r -> 00 we have:-
Lim B
r->oo r
= B (1-0)
r
vr = B • x x
So the form of the flow tends to a free vortex at large (r) and 
the constant (B) is the circulation at 00.
Taking the case as r -> 0 we have:-
So the form of the flow tends to a fixed vortex at small (r), 
with zero circulation at the axis.
vortex combustor aerodynamics by substituting in the value of 
(B), as given by equation (3.11), when using the velocity(V) at 
the periphery of the chamber of radius(R) giving
B = V R
Substituting into (3.10) gives:-
v = BAr 3.12
Equation (3.10) may be put into a more useful form for
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Defining the dimensionless radius (r) and a corresponding 
dimensionless velocity (v) as:-
v = v; r = r_; 3.13
V R
We arrive at:-
= 1 
7
1 - e-ar 3.14
3.1.3 Solution dependence on radius of peak velocity.
In equation (3.14) we have a single equation in 
dimensionless form describing the transverse velocity profile 
for confined vortex flow. The transfer region between the 
fixed vortex flow in the axial region and the free vortex flow 
in the outer region is well defined with no abrupt changes, 
which is in contrast to the previous two part solutions given 
in the literature. The radius (?) at which the peak velocity 
(v) occurs is also the radius of the transfer between fixed and 
free vortex type flow and is given by:-
O = £v 3,15
3£
** 2 \
3 II l-e‘ar
3r r
- -r2 i r 212are r - 1 1-e
Pi
O
= 2ar2e-ar + e_ar - 1
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Substituting X = ar2 gives:- 
0 = 2Xe“X + e“X - 1
= 2X + 1 - e“X
e X = 2X + 1
Taking logs:-
X = log(2X + 1) 3.16
Equation (3.16) does not have an exact solution so it is solved 
numerically by use of:-
If x = g(x) and g 1(x) < 1
Then x _ = g(x ) will always converge.n+1 n 3
The numerical solution was obtained with use of a pocket 
calculator as:-
X = 1.2564 or 0
Solving for a gives
a
3.7
or
r2 = 1.2564 3.18
a
Equation (3.18) is the non-trivial solution giving the 
radius(?) at which the peak velocity(v) occurs solely as a
function of the constant (a). Alternativly we may have:-
This is a very significant finding as a number of experimental 
investigations have mentioned, or suggested, that the peak 
transverse velocity is solely dependent on the chamber 
geometry. Indeed, if this is found to be the case, then the 
following equation will give, in dimensionless form, the 
transverse velocity profile as a function of radius, if the 
radius of the peak velocity is known.
a = 1.2564 
 53—
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This gives the constant (a) as a function of the 
non-dimensional radius (?) at which the peak velocity occurs.
3.20
The peak velocity will assume a value of:-
3.21
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3.2 Particle dynamics in a known flow field.
The dynamics of a single particle in a known air flow 
are investigated with a view to being able to predict the 
behaviour of the combusting fuel particles in a vortex 
incinerator under various operating conditions and fuel 
delivery methods. The forces acting on a single particle and 
the resultant change in motion of the particle are 
investigated, ignoring particle/particle interactions but 
considering the particles combustion.
3.2.1 Equations of motion.
Considering a particle of mass (m) in a space defined 
by the cartesian coordinates (x,y,z) experiencing a force with
components (F ,F ,F ) we have from Newton’s laws of motion:-
x = Fx ; y = F J z = Fz; 3.22
m m m
Denoting the initial velocity of the particle at time zero as 
(x ry0 ,z ) we ^ave f°r velocity of the particle at any 
time (t)
• r b • r* r t
x = xQ + T f x dt? y = yo + \ F dt; z = zQ + J Fz dt; 3.23
J0 m X  m X  ~
Denoting the initial position of the particle as (x0,y0,z0) we
have for the position at time (t)
t  t  t-
x = x + j x dt; y = yQ + J y dt; z = zQ + j z dt; 3.24
'■'O Jo
Thus from equation (3.22) by integration, we can map out the 
motion of the particle with time given the initial conditions
(x .y ,z ),(x ,y ,z ), the functions for the force on the o J o o o Jo o
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particle (F rF ,F ) and the particle mass (m). x y z
F.qr_c.a., on a particle.,
This will be composed of the gravitational force
(G ,G ,G ) plus the drag force from the surrounding air 
x y z
(D ,D ,D ) as:-
x y z
F = G + D ; F = G + D ? F = G„ + D_; 3.25x x x y y y z z z'
The gravitational force on the particle of density (p ) in
lr
fluid of density (p^ ) with acceleration due to gravity (g) is 
given by:-
GX = gx(pp"Pf)ln'‘ Gy = gy(pp” Pf)m; G z = g z(pp_pf)m; 3 -26
The drag force on a particle of cross sectional area (S) due to 
the surrounding fluid (air) of density (pf ) at velocity 
(xf,yf,zf) is given by
D = Cd p S [xf-x](xf-x); (+ similar terms for y & z) 3.27
where Cd is the experimentally determined coefficient of drag
defined by:-
Cd = Draq force / unit cross sectional area 
pf ^  ---
where AV is the velocity of the fluid past the particle.
3^2^3 Particle drag coefficients.
The value of Cd has to be carefully considered for 
each particle being studied. For some closely defined types of 
particle the drag coefficients have been extensivly 
investigated [30-37] and are well known. However, for the
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majority of particle types met with in a vortex incinerator, 
this is not the case as careful application of the known 
experimental drag coeficients is needed. A typical problem 
that may be encountered would be the combustion of a liquid 
droplet with high solids and ash content. To cover the drag 
coefficient for the life of the drop would involve the 
evaluation of a number of different drag coefficients, namely 
for:- liquid drops, combusting drops, combusting solids and 
inert solids, all of which need not necessarily be of spherical 
form.
The experimental results for drag coefficients for 
particles are presented in terms of a 'Particle Reynolds 
Number' (Re') as given by:-
Re' = d AV - 3.28
v
where d = particle diameter.
v = kinematic viscosity.
For spherical particles the drag coefficients are 
given by the following equations [30]
Cd = 12/Re' 10-4<Re'<0.2 3.29
Cd = 12 (1+0.15Re'°*687 ) 0 . 2<Re'<800 3.30
Cd = 0.22 800<Re1<10*5 3.31
Cd = 0.05 10*5<Re' 3.32
For non spherical solids the approach used is of an 
equivalent diameter (de), defined as 'The diameter of a circle 
of the same cross sectional area as the profile of the solid 
when viewed from above as it rests in its most stable 
position.' [31]. This approach is limited to Re' values 
greater than 0.2 when the particle will tend to orientate 
itself so that the face with the largest cross sectional area 
is perpendicular to the flow. Below this value of Re' the 
alignment is with the longest linear dimension parallel to the
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flow. The particle Reynolds numbers generally encountered in 
vortex incineration are in the region above 0.2, so that this 
approach may be used. The equations for spherical particles 
are then used with the substitution of the equivalent diameter 
as : -
d = de 3.33
For liquid drops there are two factors which may give
rise to an alteration in drag coefficient when compared to a 
solid sphere of similar size. Firstly, circulation currents 
may be set up in the liquid of the drop due to the viscous drag 
of the passing flow. This would lead to a reduction in the 
drag coeficient. Secondly deformation of the drop may occur by 
a flattening of the front face due to the impact pressure of
the passing flow and elongation of the tail due to the viscous
drag of the passing flow. This would lead to an increase in 
the drag coefficient. The surface tension forces of the drop 
oppose both the circulation currents and the drop deformation, 
with the result that in small drops, as encountered in fuel 
atomisers, where the surface tension forces predominate the 
drag coefficients are similar to solid spheres of similar 
size [37]. Even if the two factors are not completely absent 
their affects are of an opposing nature and would tend to 
cancel each other out.
If there is a tendency for a surface layer to form of 
different composition from that of the bulk of the drop, then 
it too will reduce the circulation currents. This is because 
the downstream circulation flow occurs on the surface, thus 
reducing the film drag, but the return upstream ciculation 
occurs in the body of the drop and thus requires an interchange 
of material from the surface to the body, which is incompatible 
with the establishment of a surface layer. In the combustion 
of liquid fuel drops this effect will occur due to the 
accumulation of ash on the surface of the drop. In its most 
pronounced form, this accumulation will lead to the formation 
rigid cenospheres, where surface circulation and drop
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deformation is eliminated completely. The drag coefficient for 
the liquid drops normally encountered in vortex combustion will 
therefore be taken as that of equivilent solid spheres for this 
work.
For particles undergoing combustion, the drag 
coefficient is reduced in comparison to the same particle in 
the non combustive state. This is due to the release of 
combustion and vapourization products from the particle's 
surface, reducing the film drag around the particle and also 
reducing the form drag by 'filling in' the wake of the particle 
to some extent. The experimental observations of the 
coefficient of drag for combusting liquid drops have been 
correlated[32,33]; however, the observations for the reduction 
in drag of solid particles undergoing combustion[34,35] have 
not so been. Considering that the method for the reduction in 
drag for combusting particles is the same in both the liquid 
and solid case, it would seem reasonable to assume that more 
accurate results would be obtained for the drag coefficients of 
solid particles undergoing combustion by the application of the 
relationships obtained for liquid drops. Different expressions 
exist for the relationships between the drag coefficient and 
the particle Reynolds number (Re') for combusting drops, 
because of the choice of conditions for evaluation of Re1 . 
Ingebo[33] evaluates Re1 in terms of the free stream conditions 
of the airflow, whereas Eisenklam[32] evaluates Re' in terms of 
a mean condition of the airflow arrived at by considering the 
free stream approach conditions and the particle conditions.
The approach using the mean condition would seem to be nearer 
to the true physical relationship; however, Eisenklam also used 
the free stream approach with equally good correlation and it 
does seem to be the more standard approach for the evaluation 
of particle Reynolds numbers.
Using the free stream approach for a combusting drop
we have:-
Cd = 13.5 / Re’0'84 6<Re'<40 0 3.34
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3^2.4 Mass, size and density of the particle.
In general the mass(m), diameter(d) and density(p) of 
a particle will be functions of time. Given the initial 
conditions of mass(mQ)f diameter(dQ) and density(p ) together 
with their rate of change with time (m), (d) and (p) we have:-
m = m - fm dt 3.35o J ,
d = dQ - |d dt 3.36
p = Pq - Jp dt 3.37
» * •
The values of m, d and p will be dependent on the particle
being considered. Assuming the combustion commences with
an ignition delay period(t. ), then this is accounted for by:-lg
• • •
m,d,p = zero 0<t<t.
ig
When combustion is extinguished at time(t ) then again:-
6 X
• • •
m,d,p = zero t <tex
and the terminal values of m,d,p will be determined by the
amount and composition of the inerts in the original particle
given by the ash mass fraction (X ).a
The mechanism of the combustion of liquid and solid 
particles is different and separate treatments exist for the
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determination of m,d and p for the two cases covering the range 
of time tig<t<t0X.
3.2.5 Liquid particle combustion.
The solution of the equations of oxygen diffusion and 
heat and mass transfer in the gaseous layer adherent to the 
surface of a combusting droplet has been given by Spalding[38] .
m = 27rdXln(l+3) t, <t<t 3.38■£7 lg ex
P
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where X= thermal conductivity, mean value gaseous layer 
specific heat "
3= transfer number defined as:-
3 = H X +C (T -T ) 
 02 P....9.. s 3.39
where H = combustion heat (J/kg)
1 = latent heat vapourization of fuel (J/kg)
X = mass fraction oxygen in ambient air
02
i = stoichiometric ratio
Tg = temperature m  ambient atmosphere (K)
Tg = temperature at drop surface (K)
Values for X and cp are taken as a mean between those of the 
vapour of the droplet and those of the ambient atmosphere. The 
temperature (Ts) is taken as the vapourization temperature of 
the droplet.
Having determined (m) we must now consider the variations 
in (d) and (p) which are closely interelated. The variation in 
diameter of the drop has been observed to be dependent on the 
type of fuel that it is composed of. For light fuels, the 
diameter decreases in accordance with the decreasing mass at 
constant density as:-
o
• »
d - m 297rpm2 3.40
For heavy fuel oil, the diameter remains constant till the very 
last stages of combustion, when it suddenly diminishes and the 
density decrease is in accordance with the decreasing mass.
d = o p = m 6TTd
3.41
This phenomena is due to a viscous crust forming on the surface 
of the droplet, which with the aid of the pressure of the 
gases from the vapourization of the droplet body, stablizes the 
diameter of the drop [39] .
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3.2.6 Solid particle combustion.
The combustion of pulverised fuel occurs in two
sequential phases; firstly, the combustion of the volatile mass 
fraction(Xv), followed by the combustion of the solid mass 
fraction(Xg). The treatment of the combustion of pulverised 
fuel has been carried out in terms of the burning time interval 
for the volatile fraction(tv) and for the solids fraction(ts) 
[40] as:~
dv = initial diameter of volatiles sphere(m) 
dQ = initial particle diameter(m)
Po= initial density solid par tide (kg/m3)
Tm = mean temperature in boundary layer(K)
Mw = mean molecular wt of volatiles
X^ = 0 n mass fraction in ambient air0 2 2
3.42
3.43
144(f) Dp
Where [41]
R = gas constant(atm m 3/kg mole K)
= mechanism factor 
D = diffusion coefficient of oxygen(m2/sec) 
p ss partial pressure of oxygen in gas
D'= 3.13 Tm 
1500
1*75
3.44
1
P
<f> = 2 for I
(f) = 1.5 *
<l> =  i  :
P = pressure(atm)
0<dQ<400
400<do<1000/i 
1000 <dQ M
CO transport
CO transport
2
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The two stages of combustion of a pulverised fuel 
particle essentially occur at constant radius [39]. During the 
first stage the volatile matter inside the particle is 
diffusing outwards to the surface of the solid sphere, where it 
combusts in a similar manner to that of a liquid droplet. At
the end of this stage there is left a cenosphere formed of the
solid matter. This again combusts at constant diameter until 
the very final stages when the cenosphere disintegrates 
followed by the rapid combustion of the resulting small 
fragments. So we can take for the life of the particle:-
d = 0 3.45
The rate of change of mass of the particle assuming constant 
combustion rate is given by:-
m = m X
o v
t
v
m = m X 
o s 
t
s
3.2.7 The flow velocity.
To calculate the drag force (D ,D ,D ) on a particlex y &
requires the flow velocity (xf,yf,zf) to be known local to the 
particle at (x,y,z). This has been determined for the case of 
confined vortex flow and is given by equations (3.7,9,14). The 
only additional requirement is to convert a position in 
rectangular form (x,y,z) into its cylindrical polar form 
(r,e,z) and a velocity in a cylindrical polar form (u,v,w) into 
its rectangular form (xf,yf,zf). Figure(3.2) shows the (x,y) 
or (r,e) plane in both co-ordinate systems.
t +t. <t<t 3.47v lg ex
3.17
Converting (xfy,z) => (r,0,z)
r = (x2 + y 2) ^
0 = arctan(y/x)
z = z
Converting (ufvfw) => (x,y,z) 
Resolving (u):-
x = u or
y = u or
y r
Resolving (v):-
x = -v or
Y r
y - v or
x r
Giving:-
3.2.8 Solution of the differential equation of motion.
The motion of a particle in a known flow field may be 
obtained by solution of the second order differential 
equation(3.22) together with equations (3.23-49,3.4,9,14) where 
appropriate. Due to the form of the equations there is no 
analytical solution, but a numerical solution may be obtained.
The solutions for each of the three co-ordinate 
directions (x,y,z) of equation (3.22) are similar and the 
method for the (x) direction is taken for illustration.
x = F^ “ (3.22)
HI
This second order differential equation is reduced to two first 
order differential equations for solution by a Runge Kutta 
method as follows:-
Define
s = x 3.50
Substitute into (3.22)
s = F 3.51
X
m
By examination of equations (3.22) with (3.25-7,3.35-7,3.49) we 
see that the acceleration (s) is a function of (x) due to the 
flow velocity, a function of (s) due to the particle velocity, 
and a function of (t) due to the decreasing size and mass of 
the particle. So we have:-
s=f(x,s,t) 3.52
With
x = s 3.53
We have for Runge Kutta method of solution of the position (x)
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and velocity (s)
x. = x.+ A t (k,+2k 0+2kn+k ,)1 + 1 1 1 2 3 4' 3.54
si+1= s^  A t_(l ^ 21 2+213+l 4) 
6
3 .55
Where
k =s .l i 3.56
12=f (Xj^ +Atkj^ , s±+Atl1, t±+ At) 
2 2 2
k3=Si+Atl2 l3=f (x ±+ Atk 2, s ±+ Atl 2 , t j + At) 
2 2 2
k4“Si+Atl3 14=f (x.+ Atk3fsi+Atl3ft.+At) 
2 2 2
The solution is self starting from the starting
position (x =x ) and the initial velocity (s .=s ). Thei o l o
application of these techniques to the other coordinate 
directions (y,z) will lead to the solution of the motion of a 
particle in a confined vortex field.
3.2.9 simulation of a particle_in_a vortex combustor.
A computer program written by the author to perform a 
simulation of the dynamics of particles in the confined vortex 
flow with a vortex incinerator is in appendix (A). It uses the 
equations given in sections (3.2.1 - 3.2.7) to describe the 
behaviour of the particle together with the method of numerical 
integration given in section (3.2.8), applied to all three 
co-ordinate directions. The combusting of both solid and 
liquid particles is catered for together with the inert stage 
of any residue after combustion is finished. Graphical and
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tabular output of some trial simulations performed with the 
program (giving the position and mass of the particle as a 
function of time) are given in section (5). Results of 
operational experiance gained with two vortex combustion 
chambers designed with the aid of the simulation package have 
been very successful and are further detailed in section (5) as 
well.
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Transverse velocity 
Radial velocity 
Axial velocity
Theoretical Flow Profiles 2-Fig 3.1
^
Polar - Rectangular co-ordinate conversion:- Figure 3.2
4 Description of Experimental apparatus and procedure.
4..1. Water, model of a vortex incinerator.
This was based on a 1/12 scale version of the Peabody 
Rotoflame vortex incinerator model LP295. It was built to give 
a qualatative view of the flow patterns inside a vortex 
incinerator and to try and specifically identify the areas of 
further interest for a more detailed investigation of the 
phenomena. A general view of the completed unit as installed 
in the Chemical Engineering laboratory is shown in Figure 
(4.1).
4.1.1 Construction^.
A diagram of the complete water modelling rig with its 
main dimensions and features outlined is shown in Figure (4.2). 
The main vortex chamber is constructed as a perspex cylinder 
with a central hole for the exhaust in the top and three slots 
in the side for the inlets. The inlets are rectangular cross 
section ducts, constructed from stainless steel and arranged to 
pivot in a vertical axis about the connection with the 
periphery of the vortex chamber. This allows them to assume 
orientations between o° and 60° to the tangent to the chamber 
at point of pivot. The three inlets are controlled by a 
rotating cam so that their angular movement is kept in unison. 
The flue is composed of a perspex tube let into the top surface 
of the main chamber. There are a number of small holes in the 
chamber at suitable places for the admission of probes for dye 
injection.
The whole of the vortex chamber is further encased 
inside a rectangular perspex box. The purpose of this box is 
twofold. Firstly, it is needed to give a true optical view of 
the inside of the vortex chamber. This it does by presenting a
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plane face to the light travelling through the water/air 
interface. The vortex chamber on its own would behave as a 
large crude planer convex lens. This is commonly overcome by 
enclosing water models in an open trough of water; however, in 
this case the box is made water tight, so that it serves a 
second purpose as a plenum chamber for the water flow to the 
vortex chamber and obviates the necessity of a complex 
arrangement to deal with the variable angle inlets. The water 
feed to the rear of the box comes from a storage tank via a 
centrifugal pump driven by a variable speed DC motor to provide 
the motive force and then past further flow control valves and 
an orifice plate for metering. The return from the vortex 
chamber leaves the flue of the chamber and is returned to the 
header tank. The header tank is open to the atmosphere and 
incorporates a stirrer to keep the small pre-expanded 
polystyrene (1mm) beads used as a flow tracer in suspension in 
the water.
Flow tracing is provided by two methods used either 
separately or in conjunction. Firstly, by the previously 
mentioned polystyrene beads in suspension in the main water 
flow, and secondly, by injection of small quantities of 
nigrosine dye at the point of interest in the model. The dye 
injection system for flow tracing consists of a narrow bore 
1/16" copper tube through which nigrosine dye is injected. The 
tube may slide through a selection of glands in the outer wall 
of the rectangular box and through corresponding holes in the 
vortex chamber where necessary. The dye for the injector is 
fed via a quick action valve and a flexible hose from a storage 
cylinder which is top pressurised with nitrogen to provide the 
force to inject the dye into the model.
Observation of the model is by the naked eye, as well
as by photographic recording with the aid of a 35mm camera and
black and white film. To assist the observation of a
particular region of interest within the model, a source of 
high intensity collimated light is used. This may be arranged 
to illuminate any particular plane of investigation through the
4.2
V
model. For the unaided eye, this highlights the region of 
interest for observation of the polystyrene beads. For the 
photographic recording, the exposure may be adjusted so that 
only those polystyrene beads within the collimated beam of 
light reflect enough light to be recorded on the film. To 
identify the beginning of the exposure, the model is further
illuminated by an electronic flash gun coupled to the camera 
shutter mechanism. This supplementary light of short duration 
causes the position of the beads at the beginning of the 
exposure to be identified by a highlighted white dot.
4.1.2 Experimental Procedure.
The experimental procedure consisted of operating the 
model with water loaded with the polystyrene beads as a flow 
tracer and recording the results photographically with the 
camera. The flow rates were measured by means of a manometer 
and calibrated orifice plate in the feed line to the model.
The motion of the flow tracers in the water was recorded at 
various planes within the model, both vertical and horizontal 
by using the collimated light source for illumination. The 
exposure of the camera was adjusted by trial and error so that 
the emulsion of the film only recorded the flow tracers in the 
brightly illuminated plane of the collimated light. The length 
of the exposure was adjusted so that a streak record of the 
motion of the traces during the time of exposure was obtained. 
The length of this streak could be used to provide the distance 
travelled by the bead and with the exposure time an approximate 
velocity of the water flow could be obtained. A source of 
error in this was in relating the length of the streak on the 
photograph to the actual distance travelled by the flow traces. 
To obtain the most accurate results, a reference length in the 
model at the same distance from the camera as the traces being 
studied was used. In order to positively determine the 
direction of motion of the tracers from the streak on the 
photographic plate, a method to identify the beginning of the
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trace was developed. This was very simple and consisted of 
firing a powerful electronic flash at the beginning of the 
exposure to identify the upstream end of the streak by means of 
a highlighted dot at the start of the trace.
The angle of the three peripheral inlets, defined as 
the angle between their centre line and a tangent to the 
chamber wall at their point of entry (see figure 4.2), was 
varied from 0° to 60°. The cam arrangement ensured that the 
angles of the individual inlets were the same as each other, 
thus keeping the model symmetric at all times.
4.2 Variable geometry vortex chamber for air modelling.
This was designed as a generalised variable geometry 
vortex chamber in order that a precise quantitative 
investigation of the aerodynamics of confined vortex flow, 
encompassing a range of chamber and operating conditions, could 
be carried out. The results of the investigation will then be 
used to refine the mathematical solution of confined voftex 
flow of section three, a primary aim being to establish and 
incorporate the effect that the chamber geometry has on the 
resultant vortex flow.
A .2-iJL-C QH £ -fc- E U Ctl.QOx.
The vortex, chamber is constructed from mild steel 
sheet and is not simply one chamber, but rather a collection of 
chamber components, from which may be assembled a number of 
vortex chambers of different size and geometry. The air 
velocities within the chamber are measured with the use of a 5 
hole pitot static tube which provides the true 3 dimensional 
velocity vector of the air flow.
The operation of the rig once set up for a particular 
geometry of vortex chamber is fully automatic and under the
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control of microcomputer. This was desirable because of the 
lengthy process involved in the manual logging and conversion 
of data from a 5 hole pitot tube required at each of the 
numerous points needed to map out a velocity profile of a 
particular vortex chamber. The microcomputer controls the 
probe's movement via a two-dimensional traversing mechanism, 
measures the probe's outputs via an electronic pressure 
transducer, performs the necessary numerical procedures to 
yield a flow velocity and finally records these velocities in 
the form of an (X,Y) map of velocity covering the selected 
plane through the chamber under test. An overall view of the 
apparatus is shown in figure (4.3) .
4.2.2 The vortex chamber.
There is a. selection of chamber components that can be 
assembled in a number of ways to provide a range of chamber 
shapes and sizes. However in all cases the overall geometry is 
that of a cylinder of length(L) and diameter(D) with two
tangential inlets of length(Il) and width(Iw) arranged________
diametrically opposite each other in the circumferential wall. 
In the uppermost axial wall is a central circular air exit of 
diameter(De) complete with a cylindric flue of matching 
diameter. A view of these components is shown in figures 
(4.4 and 5.3).
The top and bottom plates are made out of 1/81 steel 
plate of a larger diameter than the chamber which is formed by 
clamping the tubular sections between them. The plates have 
grooves machined in them to locate the tubular sections which 
forms the wall of the vortex chamber. This tubular section is 
in itself made up of four sections around its circumference.
Two of these sections incorporate the tangential inlets and the 
other two commplete the remainder of the wall (see figure 4.4). 
Variation in the diameter(D) of the chamber so constructed is 
achieved by utilising chamber wall sections of different 
curvature, together with appropriate radius grooves machined in
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the end plates. Variation of the operational length(L) of the 
chamber is achieved by having a movable false base in the 
inside of the chamber which is supported on adjustable pillars 
secured to the true base of the chamber. Variation in the size 
of the inlets is achieved by having a set of blanking forms 
which may be fitted into the inlet to reduce both its height 
and its width. The flow profile across the inlets was arranged 
to be essentially uniform. The actual position of the inlets 
along the length of the chamber may also be varied as they are 
held in slots formed in the two main sections of the chamber 
wall. The remaining space not occupied by the inlets is filled 
by suitable sized blanking plates.
Flues of varying diameter may be fitted to the unit, 
thus changing the exit size of the chamber. These flues are of 
constant cross section and discharge into the free air of the 
laboratory through an unrestricted outlet. There is a slot 
running the full length of the chamber with foam rubber sealing 
through which the 5 hole pitot tube enters the chamber. The 
probe may freely traverse in two dimensions taking measurements 
over a radial plane extending the full height and radius of the 
chamber geometry. The maximum size of each of the dimensions 
used are as follows:-
L=400mm; D=400mm? De=180mm; Lt=150mm; Wt=15mm;
The full range of conditions actually investigated are given 
later in the results of section (5).
The air for operating the vortex chamber is supplied 
from a fan and is both measured and metered before entering the 
chamber. The metering is performed by an 'Eagle Eye Flow Meter 
Set'. This is a package system comprising an '.Anubar' 
measuring head (type 733-316) that consists of a rake of 
pressure tappings that fits across the 3" feed pipe and a 
display unit (mod 77X) that consists of a pressure measurement 
cell mechanically coupled to a needle indicating the air flow 
in pounds per hour at standard conditions (in essence it is a 
velocity meter and the reading needs to be corrected when used 
a(t any other than NTP conditions . A list of equipment
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manufacturers and suppliers is in appendix (C).
4.2.3 The probe and traversing mechanism.
To determine the velocity of the airflow within the 
vortex chamber a 5 channel pitot static tube was used (United 
sensor type DA125). This type of probe has a 5 sided prism 
head with a pressure tapping in each face. Pressure readings 
from these five tappings enable both the total and static 
pressures to be measured as well as yaw and pitch angles. The 
range of the probe is up to a velocity of Mach 0.7 and yaw and
pitch angles up to 40' from normally incidient flow to the
front surface of the prism. The overall construction of the 
probe as well as the prism head in detail may be seen in figure 
(4.5,6). The probe was calibrated according to the manufacturers 
directions using the wind tunnel in the Department of Civil 
Engineering at Surrey University. The method of determining 
the velocity in three dimensions by use of a DA125 probe is 
given in appendix (D), together with the required calibration 
charts as obtained in the wind tunnel calibration tests.
The traversing mechanism provides linear motion in two 
directions. It is sited next to the vortex chamber so that it
may cause the head of the 5 hole pitot tube to traverse in a
radial and axial direction within the vortex chamber. This 
will cause the head of the pitot tube to map out a radial plane 
within the chamber which may be as large as a full height 
radial section or be restricted to examine a particular section 
in more detail. The traverse may be seen in figure (4.7)
The traverse is composed of two 'Unislide A4021VK2' 
screw motion slides coupled together with a 90' angle bracket 
to give 190mm motion in the X and Y directions (X being defined 
as horizontal and Y vertical). They are driven by a 0.1mm 
pitch double start lead screw itself driven by a 'Slo Sync 
M061' stepper motor of 200 steps/rev. Further details may be 
obtained from the suppliers listed in appendix (C). Also 
coupled to the lead screw at the oppersite end to the motor is
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a hand wheel for manual operation when setting up the system.
By a rearrangement of the two slides, other planes could be 
traversed and examined.
4,2.4 Microcomputer controller.
This takes care of the mechanics of producing a 
velocity map of the airflow within the vortex chamber. It 
controls the positioning of the pitot static probe; the 
selection and measurement of the five pitot tube pressures; the 
conversion of these five readings into a three dimensional 
velocity presented in terms of both pitch and yaw readings and 
as velocity components in the three coordinate directions 
(X,Y,Z); and finally records the data on magnetic tape and as a 
printed output. A view of the microcomputer is shown in figure 
(4.8). The whole process, once initiated by the operator, is 
fully automatic including error recovery and traping of 
erroneous readings. The employement of a microprocessor based 
computer (microcomputer) for control gave the required 
processing capability for a fraction of the cost of a 
minicomputer which would otherwise have been required.
A block diagram of the control system is shown in 
figure (4.9). The nucleus of the system is the 1SWTP 6800* 
microcomputer. This was purchased in modular form, each module 
being supplied as a bare printed circuit board plus components 
which had to be assembled. The computer consists of a number 
of functional modules, each on its own plug in printed circuit 
board.
The main module is the central processor board. This 
contains the 'Motorola 6800' microprocessor chip which provides 
the central processing unit (CPU) of the system. It performs 
all the arithmetic and logic processing and the control of the 
memory and peripheral perts. The CPU communicates with the 
rest of the system via a 16bit wide address bus and an 8bit 
wide (lbyte) data bus. The 16bit address bus provides the CPU
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with the capability of addressing up to 64K (1024=1K) bytes of 
memory. The 8bit data bus is bidirectional in that the data is 
transferred both into and out of the CPU over the same bus 
lines. A status signal from the CPU defines the direction.
The architecture of the M6800 microprocessor chip is 
shown in figure (4.10). It is a register orientated machine 
with no specific input/output instructions, the input/output 
being implemented by the method of memory mapped input/output 
ports in the standard address space of the processor. The 
advantages of this method are that all the instructions for 
accessing memory are available for input/output purposes as 
well. There are two general purpose accumulators (A and B) 
each 8bits wide where the arithmetic and logic instructions of 
the processor are carried out. The available arithmetic 
instructions include add, subtract, and binary coded decimal 
(BCD) arithmetic. The logic instructions provide a full range 
of rotates, shifts, inclusive/exclusive OR, logical AND, and 
BIT testing. The index register provides a 16bit register for 
elementary counting as well as the more usual use to provide a 
base address of a table in memory. General purpose^subroutines 
to manipulate such tables may be written with the base address 
of the table being loaded into the index register before 
calling the subroutine. The index register may also be used to 
perform indirect addressing where the address in the 
instruction is taken as the address of a location where the 
address of the data to be operated upon resides. A stack 
pointer is used by the system to implement a downward growing 
stack in memory on which to store linkage data for subroutine 
and interrupt routine calls, as well as under direct control of 
the user for the storage of temporary data from the 
accumulators. The condition code register is used by the test 
and branch instructions to perform conditional action. Branch 
instructions are available operating on unsigned binary values 
as well as two's complement numbers. A full range of 
conditional instructions (<,>,=,<>,<=,>=) as well as overflow 
and underflow are available for numeric operations. The 
program counter is simply used by the processor to keep track
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of the next location in the program to be executed as an 
instruction. It may also be directly altered by the user in 
the form of jump and branch and call instructions. The general 
architecture of the machine including the memory mapped 
input/output would be familiar to users of Digital Equipment 
PDPll series computers.
Also generated on the central processor board is the 
IMhz system clock which is used by the CPU itself, and thus is 
the master clock for all the system, as well as being divided 
down to provide the clocks for the serial interface boards. 
There is also the mini built-in operating system called 
'SWTBUG' which is contained in a 2K prom and provides a number 
of useful features includingimemory examine/change; loading and 
saving of data in memory with magnetic tape; console 
input/output routines; register examine and change; breakpoint 
setting for program debugging; program initiation at a 
specified address.
The memory for the microcomputer consists of 16K
bytes of static RAM (type 2102) used for the storage-of—both___
the system software and the user programs and data. Most of 
the system software can be accomodated in 8K bytes leaving a 
further 8K bytes free for the control program and data we 
needed. The storage is volatile in that its contents are lost 
whenever the power is removed, the only non-volatile storage 
being the 'SWTBUG' mini operating system stored in PROM.
The interfacing with the outside world is performed 
via parallel and serial data ports. There are two bi­
directional serial ports which handle the communication with 
the system console, in this case a VDU, and the system printer, 
in this case a teletype which also provides paper tape input 
and output facilities. The remainder of the input/output 
consists of eight parallel data ports, each lbyte wide. These 
ports operate at TTL signal level, and custom circuitry, housed 
in a separate box, was designed and built to interface these 
signals with the ones required by and available from the
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remainder of the data logging rig. The input/output ports are 
implemented by means of sophisticated controller chips which 
are memory mapped into the microprocessor address space. The 
serial ports are M6850 ACIA devices and appear as three 
consecutive memory locations to the processor. These are the 
transmit and receive data registers, plus a status/control 
register that determines the operating mode of the parallel to 
serial conversion and transmission performed by the ACIA. The 
parallel ports are M6821 PIA devices which each contain two 
separate byte wide (8 line) peripheral data ports with an 
associated control register for each. Each peripheral data 
line may be individually programmed to act as either an input 
or an output. In addition to the eight data lines, each port 
has two control lines which may be programmed to implement an 
automatic handshake protocol, or simply as two extra 
input/output lines.
Modifications to the standard SWTP68 00 microcomputer 
include the addition of a 100Hz real time clock signal derived 
from the mains and fed to one of the control lines on the
system interface port. This interrupts the processor a n d ------
causes it to execute a software routine to maintain a real time 
clock for timing purposes. The two main processor interrupt 
lines are also brought out to front panel switches so that they 
may be used to interrupt the executing program and cause the 
processor to enter our small debug routine. This facility 
proved most useful in the development stages of the system 
software.
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This provides the appropriate signal conditioning 
between the microcomputer and the rest of the equipment such as 
the stepper motors and the five hole pitot tube. The 
interfacing for the output signals is essentially an 
amplification to enable them to operate the stepper motors and 
the solenoid sampling valves.
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The 1SLO SYN M061 FD081 stepper motors used to drive 
the sliders are classified as phase switched DC permanent 
magnet induction motors. They are of a hybrid construction 
combining both the features of permanent magnet(PM) and 
variable reluctance(VR) types. They have a residual holding 
torque like PM motors plus a small step angle of VR motors 
(1.8 ). The stator has eight salient poles with a two phase 
four pole winding as shown in figure (4.11). The stator teeth 
are set at a pitch of 48 teeth for a full circle with the 
windings of each alternate pole connected in series. The rotor 
consists of a non magnetic drive shaft and an axially 
magnetised permanant magnet. The teeth on the pole pieces are 
offset by 1/2 a tooth pitch to permit the use of a unified 
stator magnetic structure. The rotor teeth however are at a 
pitch of 50 teeth per full circle, two more than in the stator. 
Because of this only two rotor and two stator teeth can be 
perfectly aligned at any one position. When the phases of the 
motor are energised, the rotor teeth will align with the stator 
teeth so as to give minimum reluctance to the magnetic flux. 
There will be a number of such positions equal to the number of 
teeth on the rotor, and no unique position as found in 
permanent magnet stepper motors will exist. When one of the 
poles is reversed in polarity the magnetic field will rotate by
o o
45 , however, the rotor will only rotate by 1.8 as necessary 
to realign the teeth at the position of the new magnetic field. 
Two windings are provided on each pole piece in opposing 
directions (BIFLAR wound) so that field reversal is 
accomplished by switching the power from one winding to the 
other. This enables simple single pole switches with a single 
rail power supply to be used. In our case the switching is 
performed by power transistors which are themselves switched by 
signal transistors driven from the output ports of the 
microcomputer. The switching sequence is shown in figure 
(4.11). Two methods are used to improve the performance of the 
motor. Firstly the 5.1 volt windings of the stepper motor are 
driven from a 24 volt supply with a suitable dropping resistor. 
This improves the L/R time constant for the current to build up 
in the windings, thus giving greater torque and higher stepping
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speeds. Secondly to increase the maximum stepping rate of the 
motor above its maximum starting rate, the stepping rate is 
ramped up on starting from below the maximum starting rate to 
near the maximum stepping rate of the motor which is at least 
three times as great. It is also ramped down on stopping again 
to avoid loss of synchronization. The switching sequence of 
the pulses and the ramp generation is automatically generated 
by the low level stepper motor driver software in the 
microcomputer, and is transparent to the high level control 
program which must send position requests to the lower level
software.
\
The solenoid valves are used to select one of the five 
pressure outputs of the pitot tube for measurement by the 
manometer. The valves are Martinair Type 111 252B which are 
instrument quality valves especially selected for zero leakage 
and a small internal displacement. This was necessary because 
of the very low flow driving capacity of the pitot tube. The 
valves all feed into a common manifold that is connected to the 
manometer. The piping is kept as short as possible to increase 
the response rate of the probe and the solenoid valves are 
positioned as near to the manometer as possible to reduce the 
settling time between reading the five pressures from the pitot 
tube. The solenoid valves have 240 volt coils in them and are 
driven from the AC mains. This is switched by thyristors 
driven by opto-isolators from the parallel output lines of the 
microcomputer. The switching sequence is handled by the 
microcomputer program in conjuction with reading the output of 
the electronic pressure transducer.
The pressure transducer is a Furnace Controls type 
PPFA FC066. It consists of a pressure sensing cell with 
associated eletronics to provide an analogue voltage output.
The pressure sensing cell consists of a thin metal diaphragm 
which divides a cavity into two separate chambers. These are 
sealed except for the two differential pressure inputs, one to 
each chamber. A differential pressure across this diaphragm 
will cause it to be displaced slightly. In this case one of
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the five unknown pressures from the pitot tube is connected via 
the solenoid valves to one side of the diaphragm and the other 
side is open to atmospheric pressure. Inserted in each side of 
the chamber is a fine mesh screen and the displacement of the 
diaphragm is detected by a change in the capacitance between 
each of these screens and the diaphragm. The detection is 
performed by incorporating the two capacitors so formed into a 
standard bridge circuit. Suitable amplification and 
linearization is performed to yield a basic output signal of 0 
to 1 volt for the input pressure range of 0 to 500mm or water. 
This basic signal may optionally be further amplified to 
provide the 0 - 1  volt signal for maximum pressures of 100,50 
and 10mm of water. This is manually selected on the front 
panel, however, a stepped electrical output is available for 
the microcomputer to determine the range in use.
For the microprocessor to be able to process the 
output of the pressure transducer, the aerodynamic signal has 
to be converted to digital form. This is accomplished by a 
8bit analogue to digital converter (A to D) which is comprised 
of a 'Ferranti ZN4251 plus a few ancillary components such as a 
zener diode for a voltage reference. The A to D converter uses 
a clocked counter to drive a digital to analogue (D to A) 
converter to provide a ramp voltage. This voltage is then 
compared with the unknown analogue input by the comparator, and 
the counter is stopped when the ramp voltage exceeds the 
analogue input. The counter then gives the 8bit digital 
approximation to the analogue input to a resolution of 1 in 
256, which is about 0.5% accuracy and sufficient for the needs 
of the system. This count is then converted to give a pressure 
reading for the selected pressure tapping of the five hole 
pitot tube. The software provides a low frequency filter to 
the signal to remove any jitter in the reading as well as 
waiting for a steady reading to be obtained before going on to 
sample the next pressure tapping of the pitot tube.
To provide positional reference points to the computer 
when it is controlling the movement of the probe via the two
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sliders, microswitches are positioned on adjustable stops at 
either end of each slider. These are connected to an input 
port of the microcomputer via cross coupled AND gates to 
provide switch debouncing. They serve to define an absolute 
zero point as well as a safety device to prevent damage to the 
probe through over travel by providing the positional feedback 
to the controlling software, which otherwise operates the 
stepper motors and hence the sliders under open loop control.
Full commented software listings of the low level 
driver programs written in 'Motorola 6800' assembly language as 
well as the high level supervisory program written in 'BASIC' 
are given in appendix (B).
A list of manuacturers and suppliers from whom 
technical literature is available on their own specific 
products is given in appendix (C), and this plus detailed 
technical notes on the design and construction of the 
apparatus, including the custom designed and constructed 
circuits, are available from the author.
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4.3 Operational method.
For each set of velocity reading mapping out the 
velocity profile within the vortex chamber, the following 
procedure was followed. The vortex chamber was configured to 
the particular geometry that it was required to investigate and 
the air flow adjusted to a predetermined value by use of the 
butterfly valve in the supply line from the fan, together with 
the 1 Eagle Eye' flow meter. The five hole pitot tube was set 
manually by use of the hand wheels on the sliders to measure at 
the zero reference point which was at the centre of the chamber 
base. The lower limit switches on the slider were then 
adjusted to switch at this point so as to define it to the 
microcomputer as the reference zero. A similar procedure was 
carried out to define the maximum travel by setting the high 
limit switches.
The microcomputer and interface equipment was switched 
on, followed by the loading of the control software into 
memory. The main program is then run.. It first enquires.for
i
an identification number for the rig under test together with 
the settings of the airflow. This data is only for record 
keeping and it is simply stored in the magnetic tape or written 
to the printer at the start of the log. The program then 
enquires for the range of X and Y coordinates (X being 
horizontal and Y vertical) over which the log will take place, 
together with the incremental movement required between 
readings. All distances are specified in millimeters with 
absolute positions defined by the zero reference point of the 
limit switches. Once this initial dialogue is over the 
computer will proceed to carry out the logging of the air 
velocity vectors throughout the vortex chamber, as instructed, 
without further operator intervention. The probe is first 
traversed toward the zero reference limit switches until these 
are activated. This defines the zero reference point (0,0).
The probe is then traversed to the (X,Y) coordinates of the 
first measurement point. All the traverses in the (Y) 
direction are performed with the (X) position at (0). This
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ensures that the probe is fully inserted and the leverage on 
the probe by the sliding seal of the chamber is at a minimum. 
This dictates that the velocity mapping is performed as a 
series of (X) traverses at succesiveily greater (Y) values. At 
each position the air flow velocity is required to be measured 
the traverse is stopped and the five pressure outputs of the 
pitot tube are measured. This is done by opening the relevent 
solenoid valve to connect one of the pressure tappings of the 
probe to the manometer. The output of the manometer is read 
into the computer via the A to D converter. An average of 256 
readings at each point are used. When the other pressure 
readings of the pitot have been taken the program goes on to 
calculate the air flow velocity vector from equations contained 
in the program which were obtained from the calibration 
performed on the probe in the wind tunnel. These equations 
simulate the manufacturers graphical method of obtaining the 
velocity vector from the pressure readings. The (X,Y) position 
of the probe together with the velocity vector in terms of a 
velocity with a pitch and yaw angle as well as velocity 
components in the (Z,Y,Z) directions is then recorded on the 
print out. The raw data may optionally be saved on magnetic 
tape as well.
The process is then repeated at each of the (X) 
coordinate positions, as generated by the (X) range and 
increment given in the initial dialogue to the computer, before 
returning to the (X=0) position in preparation to move to the 
next (Y) position again determined from the initial dialogue. 
The result is a map of flow velocity readings over the required 
(X) and (Y) range at a specified interval.
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Water model of vortex incinerator:- Figure
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Air model overall view:- Figure
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Variable geometry vortex chamber components:- Figure
4.21

Five hole .pitot. tube:- Figure
4.22

Five hole pitot tube head:-Figure 4
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Traverse and stepper motors:- Figure 4.
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Microcomputer controller:- Figure 4,8
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Features included in the MPU are:-
1. Two accumulators(A and B) (8bits wide)
2. One index register (X) (16bits wide)
3. One program counter(PC) (16bits wide)
4. One condition code register (CC) (8bits wide)
5. One stack pointer(SP) (16bits wide)
6. Six addressing modes
7. 72 instructions
M6800 architecture:- Figure 4.10
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SWITCH I
PHASE ARED/WHITE
■'VW
PHASE 8
G REEN/W HITE
SWITCHING SEQUENCE*
STEP SWITCH « SWITCH #2
1 1 5
2 1 4
3 3 4
4 3 5
1 1 5
* To reverse direction, read chart up from bottom.
Stepper motor construction and switching:- Figure 4.11
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5. Experimental results and discussion.
The purpose of the experimental work was to confirm 
the theoretical work and obtain a fundamental relationship 
between the velocity profile of any vortex combustion chamber 
and its geometric form and operating conditions. Previous 
workers have investigated the effect of the geometric form of 
the chamber on the velocity profiles obtained but have 
presented their results in empirical form or in a way that 
precludes their widespread adoption [6,22], or they have 
limited the experimental data input to their theoretical 
treatment of confined vortex flow to a specific chamber 
geometry, with the result that pertinate experimental variables 
have been kept constant and thus their effect on the velocity 
profile is indeterminate [23] . Previous investigators in the 
field of vortex combustion have suggested the importance of the 
diameter of chamber exit [21] and it has been shown in other 
investigations to have an effect on the location of the peak 
transverse velocity [23] , although they ignored this fact in 
their final solution.
In this work, the effects of the following geometric 
and operational factors of the vortex combustion chamber are 
investigated and where relevant, incorporated into the 
theoretical solution of confined vortex flow:-
The diameter of the chamber; the height of the
chamber; the diameter of the chamber exit; the height of the
peripheral inlets; the width of the peripheral inlets; the 
position of the peripheral inlets along the axial length; the 
angle between the peripheral inlets and the tangent to the
chamber; the velocity of the peripherial air flow; the inlet
mass flow.
In all cases, the eventual aim has been to relate the 
effects to dimensionless quantities, as was done in the 
theoretical derivation (Section 3), so that the results may 
have the widest application. However, care has been taken in 
the case of each factor investigated to examine various
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absolute values of each one and not to pre-empt certain 
dimensionless values such as length/diameter, although 
reduction to this form is the eventual aim.
5.1 Water.modelling studies.
The results of the water modelling were of a 
qualitative rather than quantitative nature. The general flow 
streamlines within the vortex chamber were readily obtainable 
photographically by means of the streak images that the moving 
polystyrene beads, acting as flow tracers, made on the 
photographic emulsion. The method was explained in section (4) 
and examples of the photographs obtained may be seen in figures
(5.1,5.2).
Interpretation of these photographs, especially when 
quantitative data from distance/time calculations is desired, 
has to be done carefully and with the following considerations 
in mind. Firstly, the strong centrifugal forces experienced in 
the rotating flow were enough to cause the slightly denser 
(1050 kgf/cu m) polystyrene beads to be forced out of the 
central axial region altogether, and they accumulated in an 
annular region extending out to approximately the width of the 
chamber exit. This may be clearly seen in figure (5.1a,b,c,d). 
Secondly, the narrowest collimated light source that could 
be achieved practically, still only illuminated a zone of about 
20mm in thickness. This zone is clearly shown on the base of 
the chamber as a bright band in figure (5.2c). This means that 
the position of the bead is indeterminate photographically 
within this 20mm depth. Finally the recording of the 3D motion 
of the particles by photographic methods only gives the 
component of motion which is in the same plane as the 
photographic film. The component of motion perpendicular to 
the film is not recorded. Thus in order to obtain the velocity 
vector at a particular point within the chamber, two 
photographic recordings along mutually perpendicular axies of 
this point are required.
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It was decided to limit the water modelling studies of 
vortex combustion chambers to the investigation of the effect 
that the inlet angle (0) had on the flow pattern within the 
chamber, and to obtain an overall appreciation of the flow 
pattern within the chamber. To obtain quantitative data on the 
flow velocities within the chamber, we did have the option of 
continuing with the water modelling approach, but it was 
decided that more accurate results could be obtained from 
investigating actual small scale vortex combustion chambers. 
This decision was based on the considerations outlined in the 
previous paragraphs concerning the limitations of flow 
visualization techniques as applied to water modelling of 
vortex combustion chambers, plus the fact that the subject of 
the thesis was considered worthy of the effort required to 
obtain a comprehensive set of readings from actual aerodynamic 
vortex combustion chambers.
5.1.1 General flow observations and conclusions.
The flow patterns observed were very much as expected 
with a large circulating component of flow induced by the inlet 
flow at the periphery of the chamber. There was also a small 
inward radial flow towards the axial exit and some minor axial 
flows as well. All flows exhibited a high degree of axial 
symmetry, the only non-axially symmetric flow was in the 
immediate region of the inlets. The photographic exposures 
taken of vertical zones within the chamber revealed that 
overall, there was a very small axial component of velocity 
compared to the transverse flow velocity. Estimates of the 
comparative magnitude of the two flows were made from a number 
of photographic observations, a sample of which are shown in 
figures (5.1a,b,c,d). At the periphery of the chamber it was 
observed that the flow was spreading out axially to occupy the 
full height of the chamber from the inlets that were less than 
the full chamber height. It was found that the maximum axial 
component in this region was approximatly l/8th of the 
tangential component. The only other significant axial flow
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was a very narrow central core flow which exhibited a marked 
axial velocity towards the exit. The core was most noticable 
when an axial feed was introduced into the chamber base to 
simulate the effects that an axial feed of pulverised fuel may 
have on the aerodynamics of the chamber.
A noticeable factor was the change in diameter of the 
central bead-free region of the chamber with axial position, 
shown clearly in figure (5.Id). The existence of this bead 
free region has been previously explained as being due to the 
superiority of the outward centrifugal force over the inward 
radial drag force on the flow tracer particle. The distinct 
reduction in diameter of this bead-free region toward the base 
of the unit can be attributed to a reduction in the transverse 
velocity of the flow at the base of the chamber which occurs 
due to boundary layer drag from the chamber base. This lower 
velocity gives rise to a reduction in the outward centrifugal 
force on the flow tracer and also an increase in the inward 
radial velocity at the base of the chamber. This increase in 
radial velocity is because the pressure gradient that exists 
across the chamber radius and which tends to drive the flow 
radially towards the axis, is opposed by a greater centrifugal 
force in the body of the chamber, where the flow is rotating 
faster than at the base where the rotation is slower. This 
increased inward radial velocity would lead to a higher inward 
drag force on the particle, which, coupled to the reduced 
centrifugal force, would cause the polystyrene beads to adopt a. 
position closer to the axis of the chamber.
5.1.2 The effect of inlet angle variation.
The effects upon the flow patterns occurring within 
the chamber of an alteration in the inlet angle (6) was 
investigated. With the inlet angle set to a number of 
specified values within the range 0°<0<60°, photographs were 
taken of the flow in a series of vertical and horizontal planar 
zones within the model. A sample of the results are shown in
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figures (5.2a,b,c,d) for various inlet angles.
It was apparent that the inlet angle had only an 
insignificant effect on the flow patterns produced within the 
chamber over the range 0°<e<45°. The only noticable effect was 
confined to the region immediatly adjacent to the entry to the 
chamber, as shown in figure (5.2c). When the inlet angle was 
increased to 0=60° there was a more noticable disturbance in 
the flow streamlines which extended from the positions of the 
inlet to a point some 90° around the chamber periphery in the 
direction of the flow's rotation. In all cases from 0°<0<60° 
the radial extent of the disturbance was limited to the 
periphery of the chamber and was probably caused as much by the 
intrusion of the inlet duct into the flow as by the angle of 
the inlet flow itself. When the inlet angle was further 
increased to 0>70°, then a radical change in the flow patterns 
was observed. The flow divided into two distinct regions, with 
the vortex flow, which had previously occupied the majority of 
the chamber volume, now restricted to a small central region, 
and the flow in the rest of the chamber was of a random nature, 
with no distinct rotation observable. This condition was not 
further investigated, as the effect was to restrict the vortex 
flow to a small section of the chamber, leaving the rest of the 
chamber as a dead backwater region.
There appears to be no advantage in using anything 
other than tangential inlets (0=90°) and tangential inlets gave 
an almost symmetric flow pattern with no evidence of any 
disturbance around the inlet region, indicating that all the 
available energy in the input flow goes into setting up the 
vortex motion.
5.2 Confined vortex flow aerodynamics.
The velocity distribution within a series of vortex 
chambers was investigated with a view to obtaining a 
relationship between the experimentally observed distribution,
the geometric form of the chamber, and the distribution as 
predicted by the theoretical analysis of chapter (3). The 
scope of the investigation covered the dependence of the 
velocity distribution within the confined vortex upon the 
following physical parameters:- chamber length (L); chamber 
diameter (D); exit diameter (De); inlet length (II) ; inlet 
width (Iw); inlet position (Ip); inlet air mass flow (M). These 
are shown on figure(5.3).
The angle of the inlets to the tangent of the chamber 
at their entry was kept constant at 0° . The choice of these 
tangential inlets was made following the results of the water 
model investigations (Section 5.1). The investigation of 
velocity profile within the chamber was carried out over a 
radial plane as axial symmetry of the flow was also shown to be 
present in the water model studies (Section 5.1). The plane of 
investigation was situated close to, but radially upstream of, 
one of the tangential inlets, so as to be as free as possible 
from interference from the intlet flow irregularities.
A summary of the chamber geometries investigated is 
given in figure (5.4), together with the values of some of the 
chamber relationships that are commonly quoted in the 
literature. The model number given in the table is used 
throughout this thesis for the identification of a particular 
chamber geometry, or set of results. The aim was to construct 
a velocity profile for each particular chamber geometry and for 
various inlet mass flow conditions. For each condition 
investigated, the microcomputer was instructed to perform flow 
measurements at a series of points within the chamber that 
together would form a grid of velocity readings covering a 
complete radial slice of the chamber.
The experimentally obtained velocity profiles of 
confined vortex flow within the various vortex chambers as 
given by figures(5.3,5.4) are presented in appendix(F) in the 
form that they were produced on the microcomputer measuring 
system. Some points to note are:- the flow rate given in the
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heading of each log is that directly given by the 'Eagle Eye1 
flowmeter in lbs/hour at standard conditions, and for a true 
mass flow it has to be corrected for the pressure in the inlet 
duct as given in Appendix(D); the velocity is given in 
meters/sec; the positional measurements are in millimeters.
The positional reference system of the probe has its zero at 
the centre of the base of the vortex chamber with its (X) 
co-ordinate corresponding to the chamber's (r) co-ordinate, and 
its (Y) co-ordinate corresponding to the chamber's (z) 
co-ordinate. The velocity reference system of the probe has 
its (+x) co-ordinate corresponding to the chamber's transverse 
velocity (v), its (—y) co-ordinate corresponding to the 
chamber's axial velocity (w), and its (— z) co-ordinate 
corresponding to the chamber's radial velocity (u).
5.2.1 Generalised flow profiles.
The initial examination of the results showed that
when the components of airflow velocity in the axial, radial
and tangential direction are plotted against radial position, 
they each had a very characteristic profile which was 
maintained throughout the length of the chamber and over the 
whole range of models examined. The forms of these profiles of 
transverse, axial and radial velocity against radial position 
are shown in figure(5.5). Also apparent in this figure is the 
domination that was observed of the transverse(v) velocity over 
both the radial(u) and axial(w) velocities. This was 
consistent throughout the range of models examined and over the 
range of inlet flow rates employed, which lead to a 5:1 ratio 
in the absolute velocities observed within the chamber. The 
velocity at the periphery of the chamber is imparted by the air 
entering via the tangential inlets and the velocity at the 
centre is of necessity zero.
The form of the the transverse velocity profile is
that of free vortex flow existing in the outer region of the
chamber, with a change over to fixed vortex flow for the
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central region of the chamber. The changeover point is 
identified by the peak value of transverse velocity(v) 
occurring at a radius(r).
The axial velocity is shown to be minimal for the 
outer region of the chamber and only reaching any significant 
value as the radius of the peak transverse velocity is 
approached. At this point of peak transverse velocity the 
axial velocity also attains its maximum value in a direction 
toward the exit of the chamber. After this point the axial 
velocity reduces again as the centre of the chamber is 
approached, reaching zero and then reversing in direction to 
flow toward the base of the chamber before the centre is 
reached. The peak axial flow velocity is around an order of 
magnitude less than that of the peak transverse velocity, and 
the most significant axial flow is confined to the central 
region of the chamber.
The radial velocity starts at the periphery of the 
chamber with a small inward value and shows a steady linear 
increase from this point to the radius of the peak transverse
velocity(r). From here there is a linear decrease with the
velocity reaching zero and then reversing to the outward 
direction, reaching a maximum inward velocity at a radius of 
about half that of the peak transverse velocity(r/2). From 
here onwards there is a linear decrease in velocity to a value 
at the centre of the chamber which is of necessity zero. The 
maximum inward and outward velocities are of a similar 
value and an order of magnitude less than the peak transverse
velocity, as was found with the axial flows.
This general description of the profiles of 
transverse, axial and radial velocity against radial position 
applies to the whole axial length and to all the chambers 
tested, and would therefore appear to be a feature of confined 
vortex flow as generated in cylindrical chambers with 
tangential air admission and axial air outlet. However the 
velocity profiles do differ in detail and the way that this is
influenced by chamber geometry and operating conditions may be 
examined by comparing the results obtained from a series of 
tests chosen so as to highlight a change in the particular 
feature of interest.
5.2.2 Presentation of results.
It was found that the most useful way to express the 
results of the various experimental investigations in order to 
isolate the factors which had an influence on the flow profiles 
obtained was as a plot of the dimensionless, or reduced, 
velocity(v) against the dimensionless radius(r). The 
dimensionless terms are obtained by dividing the absolute 
radius and velocity data by the radius of the chamber and the 
transverse velocity at the periphery of the chamber 
respectivly. This was done for all three velocity components 
and enables any fundamental change in the velocity profiles to 
be easily observed without occlusion by any absolute values of 
velocity.
The choice of values used to reduce the data to 
dimensionless form was made with the following considerations. 
Firstly, that the eventual aim of this work is to be able to 
predict the confined vortex flow pattern within an arbitrary 
dimensioned vortex chamber; thus the. values used should be well 
defined and preferably determined directly from known operating 
or geometric features of the chamber. Secondly the theoretical 
results of chapter (3) are presented in terras of dimensionless 
quantities and for ease of comparision the experimental results 
should be expressed in a similar form. Taking the absolute 
radii measurements and dividing them in each case by the radius 
of the chamber, satisfies both of the above considerations in 
that the radius of the chamber is a well defined quantity and 
the resultant dimensionless radii will lie in the range 0 to 1, 
as does the theoretical form of chapter (3). The absolute 
velocity measurements are reduced by dividing them by the 
transverse velocity at the periphery of the chamber which will
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have the following effects. The resultant dimensionless 
transverse velocities will start at 1 at the periphery of the 
chamber, increase to a maximum at some point toward the centre 
of the chamber before reducing to 0 at the centre of the 
chamber, as was the case with the theory. The transverse 
velocity at the periphery of the chamber was found 
experimentally to be the same as the the velocity in the 
tangential inlets to the chamber, a predictable quantity, 
provided the inlets extended along the full length of the 
chamber. When the inlets did not conform to this restriction 
but were reduced in length, a localised disturbance of the 
velocity profiles at the periphery of the chamber was observed 
and a projected peripheral velocity based on the undisturbed 
profile a short way in from the chamber periphery was used. A 
method of relating this projected velocity to that existing in 
the reduced length inlet was found and will be given later when 
describing the effects of reduced length inlets.
The various effects that the geometry and operating 
conditions have upon the resultant confined vortex flow are 
presented in the following sections. For clarity, each effect 
is presented separately complete with illustrations in the form 
of flow profiles selected from the range of experimental data 
obtained. However in the early stages of the investigation the 
effects of a number of factors were often combined 
unintentionally and it was only after studying and comparing 
the results from a number of investigations that the individual 
effects of geometry and operating conditions became fully 
realised and isolated.
5.2.3 Effect of axial positionon flow profiles.
The change in velocity profile with axial position 
within the vortex chamber was investigated by comparing the 
dimensionless velocity profiles obtained at various axial 
positions within the chamber. This was carried out for a 
number of different geometry chambers. The most noticable
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effect was a slight shift of the velocity profiles, axial 
transverse and radial, toward the axis of the chamber as the 
top or exit end of the chamber was approached. An example of 
this change in velocity profile with axial position is shown in 
figure(5.6). It will be shown in a later section that of all 
the geometric factors examined, the chamber exit radius has the 
strongest influence on the flow profiles obtained, so that it 
is most probable that this change in profile with axial 
position is due solely to the increasing influence of the 
chamber exit as the top of the chamber is approached. In some 
cases of the chamber geometries investigated, there was a 
pronounced difference in the velocity profile at the periphery 
of the chamber with axial position in the chamber. This is 
attributed to non-symmetric factors of the chamber inlet 
geometry and is discussed in a later section on chamber inlet 
influences.
5.2.4 Effect of mass flow rate on flow profiles.
It was found that the change in absolute velocity 
profile for all conditions of inlet mass flow was simply in 
direct proportion to the change in magnitude of the inlet mass 
flow. No change in the form of the velocity profiles was 
observed. The experiments were repeated over a range of models 
of different geometry and the results were consistent. An 
example is shown in figure(5.7) where the velocity profiles of 
a chamber under two different inlet flow rates, one exactly 
twice the other, are given in absolute form. The velocity at 
corresponding points for the two conditions of flow will be 
seen to be in direct proportion to the difference in flow 
rates, and figure(5.8) shows that the dimensionless form of the 
two flow profiles are the same.
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5.2.5 Effect of exit radius on flow profiles.
As previously mentioned, the chamber exit radius has 
the strongest effect on the form of the velocity profiles 
produced. In fact, except for some local irregularities in 
the flow caused by some inlet configurations, the flow profile 
is solely determined by the chamber exit radius. From a number
of investigations using a range of chamber exit radii on a
number of different forms of vortex chamber, it was found that 
the point of peak transverse velocity(r) , to which the axial 
and radial velocities are also related as already described, is 
in itself directly related to the chamber exit radius(Re) . It
is found that in all cases the radius of peak transverse
velocity occurs within 5% of the radius of the chamber exit. 
Figures(5.9,10,11) illustrates this for four different chamber 
exit radii and also shows that the relationship between the 
transverse axial and radial flows discussed before, holds true 
for the various flow profiles obtained with chambers having 
exits of different radii.
As the radius of peak transverse velocity(r) 
increases, the magnitude of the peak velocity decreases with 
the result that the velocity at corresponding radii(r), 
provided they are still both in the same free vortex region, 
remains nearly constant. This is clearly shown in figure(5.9) , 
where the four free vortex region velocity profiles lie nearly 
on a single line. The other effect of this is that the 
magnitude of the peak transverse dimensionless velocity(v) is 
purely determined by the chamber exit radius(Re) and increases 
with decreasing exit radius. This change in exit radius also 
has an influence on the central fixed vortex region of the flow 
where the gradient of the almost linear velocity profile 
decreases with increasing chamber exit radius, resulting in 
their being no discontinuity in the velocity profile at the 
radius of change over from fixed to free vortex flow.
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Futher investigation of the effect of the chamber exit 
radius showed that not only was the initial exit radius of the 
chamber important, but also any futher reduction downstream in 
the radius of the flue would have an effect on the aerodynamics 
within the chamber. A reduction in the radius at the end of 
the flue section, some 1.5 meters from the chamber, gave the 
same flow patterns within the chamber as were obtained by 
fitting a constant radius flue of this reduced radius. The 
reason for this effect is that the axial propagation of 
disturbances in vortex flow is extremely fast, and 
theoretically infinite. Thus the reduced radius section of the 
flue forces the local peak velocity to occur at that radius, 
and this is propagated back upstream through the larger radius 
section of the flue to the vortex chamber. The reverse 
condition of a downstream increase of the flue radius does not 
cause any disturbance upstream in the chamber.
Experimentally it was found that most of the airflow 
in a simple flue section occured in an outer annular region, 
the thickness of which was approximatly 30% of the flue radius. 
This fact may be used if, for other considerations, a reduction 
in the downstream flue radius is required without the 
associated change in chamber aerodynamics. . The method is to 
place a circular disk in the flue upstream of the reduction to 
create an annular space to force the flow to keep to the above 
mentioned outer region of the flue.
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5.2.6 The effect of inlet geometry on flow profiles.
In investigating the effect that the length and width 
of the tangential flow inlets have upon the velocity profiles 
within the chamber, the position of the inlets along the length 
of the chamber will become relevant when the inlets are less 
than the full chamber length. The effect that the inlet 
geometry had on the dimensionless velocity profile was 
investigated for a number of inlet configurations over a range 
of different chamber goemetries. It was found that,inlet 
geometry did not have any significant effect on the 
dimensionless velocity profiles obtained.
When inlets of less than full chamber length were 
employed, the following differences were observed in the 
velocity profiles in comparision with the velocity profiles 
obtained with the full length tangential inlots. The 
transverse velocity showed a localised increase adjacent to the 
reduced length inlet and a corresponding decrease elsewhere.
The axial velocity profiles also showed a localised disturbance 
adjacent to the periphery of the chamber when reduced height 
inlets were used. The reduced length inlet caused an axial 
flow away from the reduced length inlet toward the region of 
the chamber without inlets. The radial flow showed no 
significant change in profile when the reduced length inlets 
were used. Figure(5.12) shows the velocity profile for four 
different inlet lengths.
When the inlets were reduced in width rather than 
length, no change was observed in the form of any of the three 
velocity profiles, transverse, radial, or axial as shown in 
Figure(5.13).
Combining these individual effects shows that the flow 
from the reduced length inlets is spreading out over the whole 
of the axial length of the chamber in order to drive the 
vortex, and that there are only limited localised effects on 
the flow profiles generated by changing the inlet length
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coupled with a general lowering of the overall velocity within 
the chamber due to the reduced efficiency with which the 
smaller inlets drive the vortex. Except for reasons of 
fabrication or construction, there seems to be no advantage in 
employing reduced length inlets. Indeed they suffer a greater 
pressure loss and thus should be avoided.
5.2.7 Effect of overall chamber geometry.
A characteristic term often used to describe the 
overall geometry of the chamber is the chamber length/diameter 
ratio(L/D). This investigation of the velocity profiles in 
vortex chambers covered a range of length/diameter ratios as 
well as absolute changes in both the length and diameter as 
shown in figure(5.4). Comparision of the dimensionless velocity 
profiles obtained from the range of chambers investigated 
revealed very little change in the velocity profiles with 
change in chamber geometry expressed either as an (L/D) value 
of in overall chamber size. The only noticeable difference
being that as the chamber became taller, (L/D) increases, the
radius of the peak transverse velocity(r) moved nearer to the 
axis accompanied by corresponding shifts toward the axis 
detectable in the axial and radial profiles too. Figure(5.14) 
shows the flow profiles for various (L/D) ratios obtained by 
varying the chamber length and illustrates this slight shift 
toward the axis with increasing (L/D). Figure(5.15) shows the 
profiles obtained for chambers of differing (L/D) ratio 
obtained by change in chamber diameter.
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5.^ 1-Comparison of results with theory.
From section(3) we have the following three formula 
for the velocity components in the axial(w) , radial(u) and 
transverse(v) direction:-
w = K z - (3.7)
u = -1/2K r - (3.9)
v = B/r(l - exp(-Ar2) - (3.10)
Considering equation (3.7) for the axial velocity
first, we can clearly see from the results that the initial 
assumption that the axial velocity is solely a function of (z) 
is not true; it is also a function of (r). However equation 
(3.7), although not predicting the change in axial velocity 
with radius, gives an increase in axial velocity with increase 
in (z) and this is in fact found to be true (See figure 5.16).
Equation (3.9) gives the radial velocity as a negative 
function of (r), in other words the flow is towards the centre 
of the vortex. This is found to be the case for the outer
fyj rj
region of the vortex flow where (r>R/2). However for the 
remaining inner region the radial flow reverses and is in the 
outward direction. Experimentally we have found a two cell 
vortex, whereas the theory developed gives a single cell 
vortex (a vortex cell boundary is defined as a surface where 
the radial velocity is zero). The somewhat large discrepancy 
between theory and experimental findings in the radial flow may 
be attributed to this difference in the number of cells present 
in each case.
Equation (3.10) or the dimensionless form of it (3.14) 
exhibits the required form of transverse velocity dependence on 
radius, namely it gives a fixed vortex type flow in the central 
region and a free vortex type flow in the outer region with a 
smooth changeover between the two regions. The radius of this 
changeover point is determined by the constant (A) or the 
constant alpha in the dimensionless form.
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The experimental results of transverse velocity showed 
a similar fixed/free vortex distribution with the change over 
point between the two regions identified by the radius of peakA
velocity(r). By far the most influential feature of the 
geometry of the vortex in terms of its affect on the velocity 
profiles was the radius of the chamber exit. This had a direct 
bearing on the radius of peak velocity(r), and caused the only 
significant change that is observable in the dimensionless 
velocity profiles, namely a shift in all three velocity 
profiles which is directly related to the change in the exit 
radius. Also in agreement with the experimental findings on 
the transverse velocity profile is the reduction in magnitude
A
of the peak velocity(v) as the radius of peak velocity 
increases.
Thus, although the comparision between theory and 
experimental results for the axial and radial velocity profiles 
was somewhat discouraging, the case for the transverse velocity 
profile, which as already mentioned is by far the most dominant 
in terms of its magnitude and influence on particle behaviour 
within the confined vortex flow, is most encouraging. We can 
see that the experimental and theoretical profiles of 
transverse velocity each consist of a family of curves
a A
characterised by the radius(r) and magnitude(v) of the peak 
velocity. In the case of the experimental curves these were 
found to be dependent on the radius of the exit and in the case 
of the theoretical curves were determined by the value ( a ) as 
given in equation (3.19). A comparison between the theoretical 
and experimental transverse velocity profiles is given in 
figure(5.17).
In order to improve the fit between experimental and 
theoretical transverse velocity profiles, the equation for 
transverse velocity (3.14) is given some flexibility by 
introducing two variable power terms(n,m) in place of the fixed 
power terms to which the radius(r) is raised, as in:-
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Equation (3.14) may be simply obtained by setting (n=l;m=2). 
Variation in the values of the power terms (m,n) gives a change 
in the velocity profile and allows sufficient scope to enable a 
least squares approach to yield a value for (n) and (m) giving 
a very close agreement with the experimental data. Firstly, a 
new derivation of the relation between the radius of the peak
velocity(r) and (a) has to be obtained along the lines used in 
section (3.1.3) as follows:-
A
0 <r <1 5.2
For max
0 = 9v 
3r
mar nr
Multiplying by
n+1r_
n
mar 1 + e
n
Substituting X = ar 5.3
„ -X , -X -imXe + e - 1
n
Multiplying by e
X = In(1 + -X) n
This may be solved numerically for X using
Xi+1 = ln ^  + m//n XiJ 5,4
The value of X is then back substituted into (5.3) to give (a),
/■v
where (r) is then the radius of peak velocity or (r).
This procedure was carried out for a range of values
of (n) and (m) and the best fit with experimental data was
obtained with the following values:-
n = 3/4? m = 3; X = 2.33666
This gives from (5.3):-
ot = 2.33666 5.5
~  3r s
Using (5.5) with (5.2) will then give the formula for the 
transverse velocity profile which attains its peak velocity at 
a position (r) as:-
The results of a comparison between the experimental 
velocity profiles and those given by this equation are given in 
figures(5.18,19,20). By comparing these with figures(5.17 ,18) 
the agreement is seen to be an improvement over that obtained 
with the previous form of equation (Eq 3.20). Equation(3.20) 
may be obtained from 5.6 by setting (n=l , m=2).
This final form of the equation for transverse 
velocity in confined vortex flow (5.6) together with empirical
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approximations to the radial and axial flow, have been combined 
with the equations of combusting particle dynamics of section
(3.2) to give a numerical simulation of particle combustion 
within confined vortex flow as found in vortex incinerators. A 
brief appraisal of some of the facets of particle behaviour in 
vortex flow, gained from simulations performed with the 
computer program, is given in the next section.
5.4 Computer simulation of vortex combustion.
The range of study that can be performed with the 
simulation of particle combustion and kinetics in vortex flow 
fields is so wide that it has to be limited in this case to the 
primary concern that originated this work. This was to examine 
the reason for the build up of slag on the peripheral wall of 
the incinerator and to find a method of avoiding it.
Figure (5.21) shows the graphical output of a 
simulation of the origonal form of incinerator design, whereby 
the liquid fuel is injected together with the tangential inlet 
airstream. It can be plainly seen that the fuel droplet hardly 
penetrates the chamber volume at all, and is very soon thrown 
out onto the wall of the chamber. This is exactly in agreement 
with the origonal thoughts as to the reason for the slag build 
up. The tabular output for this case and all the following 
ones are in Appendix (E).
The initial thoughts on the problem lead to the 
investigation of radial injection from the wall of the chamber 
to improve the penetration of the droplet into the main body of 
the chamber. A simulation of this idea produced the output 
shown in figure (5.22). Somewhat surprising on initial 
examination was the limited penetration of the droplet into the 
body of the chamber, even with quite substantial injection 
velocities. In an attempt to try and improve the penetration 
into the chamber the injection was tried as a 45° angle 
upstream as shown in figure(5.23). The droplet path soon turns
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under the influence of the transverse flow and heads back 
toward the peripheral wall. This shows the dominant nature of 
the transverse component of velocity.
The solution to the problem becomes apparent when 
axial injection of the fuel was simulated. This is shown in 
figure (5.24) and the combustion is completed within the body 
of the chamber. The simulation is performed again for a larger 
droplet in figure (5.25), the track of the larger droplet 
taking the higher path and penetrating further axially into the 
chamber as would be expected from its increased inertia to drag 
ratio. Another interesting fact which is highly beneficial to 
the operation of the unit is that the higher inertia to drag 
ratio of the larger particle causes it to stay longer, when 
expressed a a proportion of the total time, in the central 
region of the vortex, giving it a greater overall residence 
time than might otherwise be expected. This may be seen when 
comparing the simulations of figures (5.24,25). When a much 
smaller particle is simulated the combustion is completed 
within a short distance from the injection point as shown in 
figure(5.26). The simulation is performed yet again but this 
time for a solid as against liquid fuel and the differance may 
be seen by comparision of figures(5.24,27).
Studies performed with the radial and axial velocities 
set to zero showed the limited effect these two have upon the 
droplet dynamics in comparision with the transverse flow.
Figure (5.28) is for identical conditions as figure (5.25) 
except for having the axial and radial components of velocity 
set to zero.
The detailed design of a chamber for handling a 
specific, though wide, range of fuels may now be executed with 
the aid of the knowledge of vortex dynamics and particle 
kinetics as incorporated into the computer based numerical 
simulation.
The simulation package has already played a major role
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in the design of a novel processing method for the reheating of 
granular silicate material in a vortex combustion chamber. As 
the silicate material is non-combusting, it was simply 
simulated by a fuel particle of 100% ash content and the point 
of interest was the temperature cycle that the silicate 
particle underwent whilst following the path of a fuel particle 
in a vortex combustion chamber. An experimental vortex chamber 
lm high by lm diameter and fueled by natural gas was designed 
around the results of numerous individual simulations and was 
then constructed in the Departmental workshops and later 
comissioned in our laboratory. The unit performed fully to 
expectation, even exceeding the pessimistic views of some 
people, and succesfully produced realistic quantities of 
treated silicate material. A larger and more substantial unit 
2m high by 1.5m diameter is now under construction. The 
process is already patented with worldwide patents due to be 
published in February 1982 [42], under the sponsorship of 
'Redland Technology Ltd, Greylands, Horsham1.
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Water model flow dynamics:-
5.22
d)
Figure 5 *
m m
a) 0 = 0° b) 0 = 30°
c) 0 = 45° d) 0 = 60°
Water model flow dynamics:- Figure 5,2
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Air model schemaic:- Figure 5.3
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VORTEX MODEL DATA
MOD L D De 11 Iw IP L/D De/D Il/L Iw/D SWIRL
01 380 400 220 130 15 B .95 .55 .34 .04 17 .71
02 380 400 220 130 15 B .95 .55 .34 .04 17 .71
03 380 400 220 130 15 M .95 .55 .34 .04 17 .71
04 380 400 220 130 15 T .95 .55 .34 .04 17 .71
05 380 400 220 130 15 T .95 .55 .34 .04 17 .71
06 190 400 220 65 15 B .48 .55 .34 .04 35 .43
07 190 400 220 65 15 T .48 .55 .34 .04 35 .43
08 380 400 100 130 15 T .95 .25 .34 .04 8.05
09 190 400 100 65 15 M .48 .25 .34 .04 16.10
10 190 400 220 65 15 M .48 .55 .34 .04 35 .43
11 190 400 70 65 15 M .48 .18 .34 .04 11.27
12 190 400 70 65 15 T .48 .18 .34 .04 11.27
13 190 400 100 65 15 T .48 .25 .34 .04 16.10
14 190 400 150 65 15 M .48 .38 .34 .04 24.15
15 230 400 70 97 15 T .58 .18 .42 .04 7.55
16 230 400 70 97 15 T .58 .18 .42 .04 7.55
17 230 400 100 97 15 T .58 .25 .42 .04 10.79
18 90 400 70 90 15 A .23 .18 1.00 .04 8.14
19* 90 400 150 90 15 A .23 .38 1.00 .04 17.44
20* 90 400 100 90 15 A .23 .25 1.00 .04 11.63
21 190 400 100 130 15 T .48 .25 .68 .04 8.05
22* 190 400 100 97 15 T .48 .25 .51 .04 10.79
23 190 400 100 65 15 T .48 .25 .34 .04 16.10
24 190 400 100 33 15 T .48 .25 .17 .04 31.72
25 190 400 100 130 15 T .48 .25 .68 .04 8.05
26* 380 400 100 130 15 T .95 .25 .34 .04 8.05
27 230 400 100 130 15 T .58 .25 .57 .04 8.05
28 90 400 100 90 15 T .23 .25 1.00 .04 11.63
29 380 400 150 130 15 T .95 .38 .34 .04 12.08
30 380 400 220 65 15 T .95 .55 .17 .04 35 .43
31 380 400 100 33 15 T .95 .25 .09 .04 31.72
32* 380 400 100 65 15 T .95 .25 .17 .04 16.10
33 380 400 100 97 15 T .95 .25 .26 .04 10 .79
34* 380 400 100 130 15 T .95 .25 .34 .04 8.05
35 90 400 220 90 15 A .23 .55 1.00 .04 25.59
36 130 400 70 130 15 A .33 .18 1.00 .04 5.64
37* 130 400 100 130 15 A .33 .25 1.00 .04 8.05
38 130 400 150 130 15 A .33 .38 1.00 .04 12.08
39 130 400 220 130 15 A .33 '.55 1.00 .04 17 .71
39B 130 300 70 130 15 A .43 .23 1.00 .05 4.23
40 130 300 100 130 15 A .43 .33 1.00 .05 6.04
41 130 300 150 130 15 A .43 .50 1.00 .05 9.06
42 130 300 100 130 10 A .43 .33 1.00 .03 9.06
43 90 300 100 90 15 A .30 .33 1.00 .05 8.72
Vortex model geometries that were tested:- Figure 5.4
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6 Conclusions and Recommendations
By adopting the form of solution to the Navier 
Stokes equations, as used by Burgers [15], for an unconfined 
vortex and applying it to the case of the confined vortex, the 
theoretical understanding of confined vortex flow has been 
advanced over that which previously existed. The solution 
takes the form of three equations which independently describe 
the transverse, axial and radial components of velocity within 
the confined vortex flow. This is in contrast to previous work 
which used a two part approximation to the transverse flow, 
adopting the classical equations for fixed vortex flow in the 
region around the axis and free vortex flow in the remaining 
peripheral region; leaving the axial and radial velocities 
completely unresolved.
The unique solution of the transverse velocity 
developed here is a significant improvement over previous 
attempts, in that unlike the two part approximations, utilising 
fixed and free vortex flow, both the new function and its 
derivative are continuous over the whole range of the chamber 
radius. This means that the critical region of peak velocity, 
where the changeover between fixed and free vortex type flow 
occurs, is both well defined and in agreement with that which 
has been experimentally observed, both here and by previous 
workers.
The experimental work is mainly concerned with the 
influence that the geometry of the chamber had upon the 
confined vortex flow established within the chamber. The 
following geometric factors have been investigated:- inlet 
angle; inlet height; inlet width; inlet position; chamber 
height; chamber diameter; exit diameter. When the results of 
the experimentally determined velocities within the chamber 
are expressed in the form of velocity profiles against radial 
position within the chamber, a common form is observed. 
Furthermore, it has.been shown that if the quantitative data of 
these velocity profiles are reduced to a dimensionless form,
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using the transverse velocity at the periphery of the chamber 
and the chamber radius respectively, then the data obtained 
from any model configuration at any flow rate may be expressed 
as one of a single family of curves. The particular member of 
the family of curves is fundamentally determined by the radius 
of the chamber exit, expressed in dimensionless terms, and is 
not sensitive to changes in other geometric variables, nor to 
the axial position within the chamber, nor to the absolute 
airflow rate employed.
In comparing the agreement between experimental and 
theoretical work it is found that the transverse velocity 
profiles are in good agreement. However the theoretical 
profiles for the radial and axial flows only predict the 
correct trends and direction of the flow, the detailed form 
being incorrect. The most encouraging aspect of the work is 
the good agreement between the theoretical and experimental 
transverse velocity profiles, which was observed over a wide 
range of vortex chamber geometries. Keeping the form of the 
equation for transverse velocity the same, but altering the 
absolute values of some of the terms, enabled an even closer 
fit to the experimental data to be achieved.
The experimental transverse velocity profiles were 
observed to be primarily dependent upon the chamber exit radius 
with the peak velocity occuring at the radius of the exit. A 
simple mathematical manipulation of the transverse velocity 
equation(5.1) gives the constant (a) in terms of the radius of 
peak velocity, thus yielding equation(5.6). This equation 
describes the velocity profile for any arbitrarily chosen 
vortex chamber.
It was found experimentally that the transverse 
flow was of an order of magnitude larger than either the axial 
or radial flows, and the results of the computer simulation of 
the behaviour of particles within confined vortex flow fields 
showed that under these conditions the transverse velocity has 
the predominant effect on the particle behaviour. We thus
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have the favourable condition that the best agreement between 
theory and experiment occurs on the most significant velocity 
component of the confined vortex flow.
Having experimentally observed a two cell vortex 
within the vortex combustion chamber, the most interesting 
direction for further work would appear to be in the various 
numerical solutions to the Navier Stokes equations which have 
been shown to yield one, two, and three cell solutions under 
various conditions [16,18], The graphical transverse velocity 
profile obtained experimentally is of a similar nature to that 
generated by the modified form of the theory presented in 
section (5.3), although being a numerical solution there is no 
corresponding analytical form of equation (5.6). The radial 
form of the two cell solution is in agreement with that 
experimentally observed here, with the outward flow from the 
axis and the inward flow from the periphery meeting at the zero 
point of radial flow which defines the boundary of the cell.
The axial flow calculation in the two cell solution predicts 
reverse flow at the axis back into the base of the chamber, the 
occurrance of which was experimentally observed. This flow is 
fundamental in supplying the radial outflow from the axis, as 
already described, which must be evident when conservation of 
mass is considered. This would appear to be an ideal solution, 
however, there remains a minor problem in that these three 
required forms of flow were not obtained under one set of 
conditions for the numerical solution to the Navier Stokes 
equations, but each appears under differing constraints. 
Nevertheless, there would seem to be a good case for further 
investigation of the numerical form of the solution to the 
Navier Stokes Equations in order that all three required forms 
of observed flow velocity profiles emerge from one set of 
constraints.
The mathematical model of the behaviour of particles 
within a vortex incinerator provides a practical tool for the 
evaluation of vortex chamber designs. It has shown that the 
reason for the problems that occured with the original vortex
6.3
incinerator that inspired this work, were due to the 
positioning of the fuel inlets alongside the tangential inlets 
to the chamber. Intuitively, one might have expected that 
radial injection inwards from the periphery of the chamber 
would cause the fuel particles to penetrate into the centre of 
the chamber, however, the computer simulation shows this to be 
not the case and gives a reason for the operational problems 
which were encountered with the incinerator[12,13]. The ideal 
position for the injection of the fuel would appear to be 
axially from the centre of the base of the incinerator, with 
the chamber dimensioned so as to contain the flight of the 
combusting fuel particles without impingement upon the 
refractory walls. This method of injection of the fuel then 
causes the fuel to follow an outwardly spiralling path 
countercurrent to the air and combustion products spiralling 
inwards toward the chamber exit.
The value of this work has already been proven and 
justified by its successful application to the design of vortex 
combustion chambers for silicate reheating, where accurate 
prediction of the aerodynamics and particle kinetics within the 
chamber are of primary importance. Studies performed on the 
velocity distributions within the chamber whilst operating on 
gaseous fuel show that the aerodynamics do not change 
appreciably whilst changing from the isothermal to the 
non-isothermal case of operation. This, was also observed by 
Hottel[21]. The fact that the program will correctly predict 
the path and temperature cycle of the silicate particles would 
suggest that the effects of combustion occuring within the 
chamber and particle/particle interactions are suitably 
accounted for. Patents on this new process are due to be 
published in March 1982[42], with pilot plant production also 
due to start up in the same year.
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APPENDIX B.
0 0 0 1 REM 2 2 . 9 .  78 I'JDM STAT 
0 010  L I N  E= 0
0 02 0 PEM 0 - 2 5 6  I S  0 - 1  . 23 VO LT ;  MAN RANGE 110 
0 03 0 DEF F'N AC X ) = X / 2 0 0*M 0 
0 040 DEF FMBCX) = I N T C X *  1 0 0 ) / 1  00 
0 05 0 P R IN T  CHRLC 1 6 )  , CHRLC 2 2 )
0 0 6 0  P R IN T  T A B C 2 0 ) ; "A ERDDYNAM IC  DATA LOGGER”
0 07 0 P R IN T  
0 07 5 P R I N T  #0 
0 08 0 P R IN T  
0 09 0 POKEC 1 0 3 , 3 1 )
0 100 POKEC 1 0 4 , 3  0)
0 110 A = U S E P C 1)
0 12 0 P.EM * * * * * * * *
0 13 0 REM MANUAL M0 VE 
0 140 POKEC 8 4  12 ,  3 5 )
0 150 POKEC 3 2 7 8 8 , 1 5 )
0 160 P R I N T  "MANUAL MOTOR CONTROL ?CY + N ) " ;
0 17 0 IN P U T  RL 
0 18 0 I F  R L= "N "  THEN 35  0
0 19 0 P R IN T  "MOTOR ?CX + Y ) ,  D IS T A N C E  ? C M M . )  ",*
0 20 0 IN P U T  P. L,  D
02 10 I F  ABS C D) > 10 0 1 THEN 19 0
0 22  0 I F  R t o " Y "  THEN 28 0
0 23  0 I F  D< 0 THEN 26 0
0 2 4 0  GOSUB 2 3 3 0
0 2 5 0  GOTO 160
0 2 6 0  GOSUB 2 3 7 0
0 2 7 0  GOTO 160
0 28 0 I F  R L< > " X "  THEN 160
0 29 0 I F  D< 0 THEN 32  0
0 3 0 0  GOSUB 2 2 5 0
0 3 1 0  GOTO 160
0 32  0 GOSUB 229  0
0 33 0 GOTO 160
0 34  0 REM * * * * * * * *
0 35  0 REM AUTO MOVE
03 7  0 P R IN T " G I V E X M I H , X M A X , X S T E P 11 •
0 38 0 IN P U T X I , X 2 , X 3
039  0 PR IN  T " G I V E Y M I M , Y M A X , Y  S TEP 1 1 •
0 4 0 0 IN P U T Y 1, Y 2 , Y 3
041 0 P R IN T " G I V E P I G  D E S C R IP T IO N < 3 2  CHRS
0 4 2 0 IN P U T TL
0 4 3 0 P R I N T " G I V E AIRFLOW "J
0 4 3 5 IN P U T A0
0 4 4  0 P R IN T " G I V E MAN RANGE ",*
0 4 4 5 IN PUT M 0
0 4 5 0 P R IN T " G I V E ANGLE OF PROBE E N T R Y " ;
0 4 6 0 IN P U T AL
0 47 0 P R IN T " G I V E DATE " ;
0 48 0 IN P U T DL
0 49 0 P R IN T " G I V E A - D  READINGS TO AVERAGE
0 5 0 0 IN  PUT 19
0 5 1 0 P R IN T " G I V E A - D  DELAYC 1 / 1 0 s e c s ) " ;
0 5 2 0 IN  PUT 18
0 5 3 0 P R IN T " G I V E LOGS /  COOPDIMA TE " ;
0 54  0 IN  PUT S9
0 5 5 0 P R IN T "STO P WHEN MEMORY FULL  "J
0 5 6 0 IN P U T PL
0 58 0 GOSUB 158 0
B . l
059  0 GO SUB 150 0  
0 60 0 M9 = 8 4 4 8  
0 6 1 0  D = 4 0 0
0 62  0 GOSUB 22 9  0 
0 6 3 0  D= 4 0 0 
0 6 4  0 GOSUB 2 3 7  0 
0 65  0 POKEC 8 4  12 ,  4 0 )
0 66  0 D = Y 1 
0 67 0 GOSUB 23 3 0 
0 68 0 D=X 1 
0 69 0 GOSUB 2 2 5  0 
07 0 0 X=X1
07 10 Y = Y 1 
0 7 2 0  P R I N T  
073  0 P P I ' J T  #0
0 7 4  0 REM SET UP A / D  
0 7 5 0  S = 0
0 7 6 0  POKEC 1 0 3 , 3 1 )
0 7 7 0  POKEC 1 0 4 , 2 )
078  0 L=  0
079  0 B= 1 5
08 0 0 GOSUB 125 0 
0 8 1 0  P 1= P
08 2 0 B= 1 4 
08 3 0 GOSUB 125  0 
0 8 4 0  P2= P
0 8 5 0  B= 1 2
08 6 0 GOSUB 125 0
087  0 P3= P
088 0 B= 8
089 0 GOSUB 125 0
09 0 0 P4= P
0 9 1 0  B=0
09 2 0 GOSUB 125 0 
0 9 3 0  P5= P
09 5 0 I F  L=  0 THEN 9 6  0
09 52  P R IN T  X J T A B C 1 0 ) ; Y ; T A B C 2 0 ) J P L
0 9 5 4  P R IN T  # 0 ,  X , Y ,  PL
0 9 5 6  GOTO 1000
0 9 6 0  GOSUB 2 5 2 0
09 7 0 I F  L = 1 THEN 9 52
098  0 P R IN T  X ;  TABC 1 0)  J Y ;  TABC 2 0 )  ,* F ;  TABC 3 5 ) ; A l ; TABC 5 0 ) ;  A2 
0 9 8 5  P R IN T  TABC 2 0 )  ; P 3 ;  TABC 3 5 )  ,* P4,* TABC 5 0 ) ;  P5
099  0 P R IN T  # 0 , X , T' ,  F ,  A l ,  A2
099 5 P R IN T  # 0 ,  TABC 2 0 ) ,  P 3 ,  P 4 ,  P5
1 0 0 0  S=S+1
1 0 1 0  I F  S< S9 THEN 7 6  0
1 0 2  0 X = X + X 3
1 03 0 I F  X > X 2 THEN 107 0 
1 04 0 D=X 3
1 0 5  0 GOSUB 2 2 5  0
1 060 GOTO 7 5 0
1 07 0 D =40  0
1 08 0 GOSUB 229  0
109 0 v = y +Y3
1 1 0 0  I F  Y > Y 2 THEM 117 0
1 1 1 0  D = Y 3
1 1 2 0  GOSUB 2 3 3  0
1 1 3 0  X=X1
1 1 4 0  D = X 1
1 150 GOSUB 2 2 5 0
B. 2
160 GOTO 72  0
17 0 REM F I N I S H E D  LOG
175 P R I N T  "MEMORY USED 8 4 4 8  TO " J M 9
18 0 P R IN T  "OUTPUT ON TTY CY + N )  " J
19 0 IN P U T  PL
20  0 I F  P L = " N "  THEM 123 0 
2 1 0  GO SUP 18 10
23 0 END
24  0 REM * * * * * * * *
2 5 0  REM B IN  PATT,  A - D  C O N V,S AVE RESULT 
2 5 5  I F  L=1  THEN 1 48 0
26  0 POKEC 3 2 7 3 3 , B)
27 0 B = 0
28 0 FO P 1=1 TO 18 + 19
29 0 A=USERC 1 )
3 0 0 I F  I < = I 8 TH EM 13 2 0 
3 1 0  B =B + P E E K C 7 9 3 6 )
32  0 NEXT I
33 0 B= IM T C B /  I 9 )
3 4 0  POKEC 119, B)
3 5 0  I F  M9'< 1 07 0 0 TH El J 1 37 0
35  5 I F  P L < > ,,Y ”  THEN 139 0
36  0 GOTO 1 17 5
37 0 M 9 = M 9 + 1
39 0 I F  B> 2 5 4  THEN 1420
40 0 I F  B= 0 THETJ 143 0 
4 1 0  GOTO 147 0
4 2 0  P L = " + "
4 2 5  GOTO 1 4 3 5  
4 3 0  P L = " - "
4 3 5  PL= "NO V A L I D  DATA A - D  OUTRANGE " + P L  
4 4 0  L = 1
45  0 REM M9 I S  MEM P O IN T E R ,  B=B IM  PATT AND A / D  RESULT
46  0 REM CONVERT TO PRESSURE
47 0 P= FM AC B )
48 0 RETURN
49 0 REM * * * * * * * *
50 0 REM P R I N T  HEAD VDU
51 0 P R IN T  CHRLC 16)
5 2 0  P R IN T  " X " ;  TABC 1 0) ; " Y " ;  TABC 2 0 )  ;  " F L O W ' ;
53 0 P R IN T  TABC 3 5 ) ;  " Y A W " ;  TABC 5 0 ) ;  " P I T C H "
5 3 5  P R IN T  TABC 2 0 ) ;  "F C X  ) ",* TABC 3 5 )  ; "  FC Y ) " ;  TABC 5 0 ) ;  ” FCT)
54  0 P R IN T
55  0 P R IN T
56  0 RETURN
57 0 REM * * * * * * * *
58 0 REM P R I N T  HEAD T T ^
59 0 FOR 1=1 TO 6 
6 0 0 P R IN T  * 0
6 1 0  NEXT I
6 1 5  P R IN T  * 0 , D L ;
6 2 0  P R IN T  # 0, TABC 2 0 )  ; "FLOW V E L O C I T Y  LO G "
6 3 0  P R IN T  if 0, TABC 2 0 )  ; " =  = = = = = = = = = = = = = = = = "
64  0 P R IN T  #0
65  0 P R IN T  * 0 ,  " R I G  D E S C R I P T I O N :  " ; T L
66  0 P R IN T  #0
68 0 P R IN T  # 0 ,  "PROBE O R I E N T A T I O N :  " ; A L ; "
69 0 P R I N T  £ 0 ,  " A IR F L O W :  " ; A 0
7 1 0  P R I N T  # 0 ,  "MAN ^A'JGE 0 - " ; M 0 ; "  " ;
72  0 P R IN T  # 0 ,  " A - D ' S  TO AVERAGE: " ; I 9 ; "  " ;
73 0 P R I N T  # 0 ,  " A - D  DELAY:  " ;  I  8 /  1 0; " SECS"
B. 3
1 76  0 PP. ITJ T #0^ ’ ’ X "  " Y " j "FLOW". ,  " Y A H ' 6  " P I T C H  
1 7 6 5  P R IN T  TABC 2 0). ,  "FC X )  " j  " F C Y )  " j  " F ( 7J  
1 77  0 P R I N T  #0 
1 78 0 PRIM T #0 *
1 79 0 RETURN 
1 8 0 0 P EM *  * * * * * * *
18 10 PEM READ MEM ci CALC 
1 8 2 0  GOSUB 158 0
1 8 3 0  M9=8 4 48
1 8 4  0 FOR Y = Y 1 TO ^ 2  STEP ^ 3
185  0 P R IN T  £0
1 5 6  0 FOp X=X1 TO X 2 STEP X3
187  0 L = 0
188 0 S= 0
189 0 GOSUB 2 1 0  0
1 9 0 0 P 1 = FM A C B )
19 10 GOSUB 2 10 0
192  0 P2= FMAC B )
19 3  0 GOSUB 2 1 0  0
1 9 4  0 P3=FNACEO 
1 9 5 0  GOSUB 2 1 0 0
196  0 P4= F?J AC B )
197  0 GOSUB 2 1 0 0
198 0 P 5 = P J A C B )
199 0 I F  L = 0  THEM 2 0 0 0 
199 2 P P IM T  # 0.» X .» Y .»P i  
199 5 GOTO 2 03 0
2 0 00 GOSUB 2 52  0
2 0 10 I F L=  1 THEM 192 2 
2 02 0 P P IM T  # O j X j Y j  F j  A l . ,  A2 
2 025  P P IM T  # 0., TABC 2 0 ) ^  P3.» P A j P5 
2 03 0 S - S + l
2 04 0 I F  S < S9 THEM 189 0 
2 05 0 MEXT X 
2 06 0 MEXT Y 
2 07 0 P P IM T  #0 
2 08 0 GOTO 2 1 4 0  
2 09 0 PEM * * * * * * * *
2 100 PEM GET B 
2 1 1 0  B= PEEK 0 1 9 )
2 120 M 9 = M 9 + 1
2 1 3 0  I F  M9 < 1 0 7 0 0  THEM 2 1 6 0
2 140  P P IM T  # 0 ^  ' 1 *  *  *  EM D OF LOGGED DATA * * *  
2 150 PETUPM
2 160 I F  B> 2 5 4  THEM 2 19 0 
2 17 0 I F  B= 0 THEM 22  0 0 
2 1 8 0  GOTO 2 2 2 0  
2 1 9 0  pL= "  + "
2 19 5 GOTO 22  05 
2 2 0 0  P £ = M- M
2 2 0 5  P E = ,rMO V A L I D  DATA A - S  OUTRANGE " + P L  
2 2  10 L = 1 
2 22  0 PETUPM 
2 23 0 PEM * * * * * * * *
2 2 4  0 PEM MOTOR ROUTINES 
2 25  0 PEM X+
2 2 6 0  D 1 = 32 
2 27 0 D2= 5
2 28 0 GOTO 24  0 0 
2 29 0 PEM X -  
2 3 0  0 D 1= 3 2 
2 3 1 0  D2= 9
2 32  0 GO TO 2 4  0 0 
2 33  0 PEM Y+
2 3 4 0  D 1 = 32 
2 35  0 D 2= 18
2 36 0 GOTO 24  0 0 
2 37 0 PEM 
2 33 0 D 1 = 32
2 3 9  0 D2= 2 2
2 4 0  0 POKEC 1 0 3 ;  D 1 )
2 4  10 POKEC 1 0 4 ;  D 2 )
2 4 2 0  D= AB5 CD)
2 43 0 I F  D< 1 0 0 THEM 2 4 6  0 
2 4 4 0  S =99
2 45  0 GOTO 2 4 7  0 
2 46  0 S = D 
2 47 0 D = D - 5 
2 43 0 S=USEPC 5 )
2 49 0 I F  D<> 0 THEM 2 4 3  0
2 5  0 0 PETUPM 
2 5 1 0  PEM
2 52  0 PEM CALC POUTIME
2 53 0 REM P9 = IM P A C T ;  P 8 = S T A T I  C
2 5 4 0  P 6 = P l - C P 2 + P 3 ) / 2
2 5 5  0 I F  P6> M 0 / 6  0 THEM' 2 5 7  0
2 5 6  0 P6=M 0 / 6  0
2 5 7 0  P = C P 2 - P 3 ) / P 6
2 58 0 A 1 = 1 5 *  P
2 59 0 P = C P 4 - P 5 ) / P 6
2 6 0  0 A 2 = 6 0 /  1 • 3 * P -  1 • 5 + A 1 / 5
2 6 1 0  P = - C A l * A l /  2 0 0 )
2 62  0 P= P* P6 
2 6 3 0  P 9 = P 1 - P
2 6 4  0 I F  A2< 0 THEM 2 6 7  0 
2 6 5 0  P = 0 .  1 5 / 3 0 * A B S C A 2 )  + 0 . 8 5
2 6 6 0  GO TO 2 7 0  0 
2 67 0 P= 0. 4 /  3 0*ABSC A 2 )  + 0- 3
2 63 0 I F  A2< -  5 THEM 27 0 0
2 69 0 P= 0 • 3 5
2 7  0 0 I F  A B 5 C A 1 X 1 5  THEM 27 2 0
27  10 P=P+C ABSC A l  ) -  1 5 > * 0 . 8 E -  1 / 5  
2 7 2 0  P ~ P * P 6
2 73  0 P 3 = P 9 - P
2 7 4 0  F = 4 .  03*SQRC P 9 - P 8 )
2 7 4 2  P1 = T A M C A 1 * 0 -  0 1 7 4 5 3 )
2 7 4 4  P2= 1 / C CDSC A 2 *  0- 0 1 7 4 5 3 )  )
2 7 4 6  P3=SQRCF*F/CP 1 * P 1 + P 2 * P 2 ) )
2 7 48 P4=FMBC P 3 * P 1  )
2 75 0 P5= P i  B C P 3 *T A M C A 2 *0 «  0 1 7 4 5 3 ) )  
2 7 52  P3=F!J BCP3)
2 7 58 F=FMBCF)
2 76  0 A 1 = FM BC A 1 )
2 77  0 A2= FM BC A 2 )
2 7 8  0 P £ = "
2 79 0 I F  A 1 < 3 0 THEM 28 2 0
23 0 0 PL= "  Y AU + "
28  10 GOTO 28 4 0
28  2 0 I F  A 1 > -  3 0 THEM 23 4 0 
28 3 0 P L = "  YAU 
28  4 0 I F  A2< 3 0 THEM 28 7 0 
2 8 5 0  PL= P£+ ”  P ITC H  + ”
28  6 0 GOTO 289  0
2 8 7 0  I F  A2> - 3 0  THEM 2 8 9  0
2 8 8  0 P £ = P L + "  P I T C H - 1'
2 8 9  0 I F  P6> M 0 / 6  0 T H E !  29 10
29  0 0 P£ = "FLOW**
29  10 I F  PSLo."  "  THBM 29 3 0 
29  2 0 P ETUPM 
2 9 3 0  L = 1
29 A 0 P 5l= "HQ DATA ” + P i  
29 5 0 PETUPM
00 1 ADCPF.OG
MAM ADCPFOG
OPT M O G , O
1 F00 ORG S 1 F 0 0
1F00 0 00 1 VOLTS PMB 1 STORAGE OF D I G I T A L  T.rA L U p
1 F 0 1 0 5 T IM FCB S 0 5
*  STROBE FOR COMVERT
1F02 8 6 34 L DA A ff % 3 4
1F 0 4 B7 8 0  1 3 -ST A A S8 8 1 3 C2 LOU
1 F0 7 8 D 1 B B C'R DEL
1F09 86 3 C L DA A A S3C
1 F 0 E B7 8 0  1 3 STA A 58 0 1 3 C2 H I  GHC COMVE1^ )
1F0E CE 0 0 0 0 LDX //0
1 F 1 1 08 L 1 I MX
1 F I  2 27 e c BEO L 2 STOPS LATCH T’ r ' OM ^E
I F  14 B6 80  1 3 L DA A S3 O 1 3
I F  1 7 2 A F8 PPL L 1
I F  19 F 6 8 0  1 2 L BA £ $ 8 0 1 2 GET OUTPUT
I F  1 C F7 1 F00 STA B VOLTS PEEK TO GET AMS
IF  I F 39 RTS
1F20 C6 FF L 2 L DA £ A SFF MAX D - A  COUMT AMD
1 F 22 F7 1 F00 STA E VOLTS S I G M I F  Y O VEP A M GE LOGX UP
1F 2 5 39 RTS
*  CO UU T S 1 / 1 0 SEC PULSES FROM PTC
1 F 26 4F DEL CLP: A
1F 27 F 6 8 0 0 4 LOP L DA B 18 0 0 4 READ TO CLP C^AA
1F2A F 6 8 00  5 U A I  T LEA B S 8 0 0  5 CPA?
1F2D 59 POL B
1 F2E 2 A FA BPL V A I  T
1 F30 4C I M C A
1 F31 B 1 1 F0 1 CMP A T IM
1 F 3 4 26 F I PM E LOP
1 F36 39 RTS
EM D
ERRORS 0 0008
B* 6
00 1 STEP IV
M AM 
O P T
*  DF,I V E S  S T E P
*  M U M PER  OF ST  
* S V I T C H  H I T .  
* P I A  P R T  80- 1 4
*  COM T PL WORDS
*
*  S T O R A G E
S T E P  I
.'JOG* 0 
M O T O R S . P O K E  
E PS  I M  U S E R
E A T A T0 S' 
C A L L  . P E ' H T
n
D I  R
;t e p
. S T P Y  j  D I  R
V '  V '• • • • • «"l • » h
.... X . X .
STPX^ PI
2 0 0 0 OPG 520  0 0
2 0 0 0 0 0 0  1 D IR RME 1
20 0 1 0 0 0  1 STEP RME 1
2 0 0 2 0 0 0  1 Mi-1 FMB 1
20 0 3 0 0 0  1 PCOUMT RME 1
2 00A 0 0 0  1 FLAG RME 1
*  EM TRY PO I .'J T S FOR X <2: Y ,  - V E  (5 +
20 0 5 8 6 0 5 XPLUS LEA A # 50 5 PLUS
2 0 0 7 2 0 0 2 BRA X 1
2 0 0 9 8 6 00 XMIMUS L DA A # 50 0 MI MUS­
20 0B B7 2 0 0 0 X 1 STA A DI R SET DI ^
20 0 E 8 6 0 2 L DA A ri 50 2 XMOTOP
20 10 20 0B ERA X 3
20 1 2 8 6 0 5 YPLUS L DA A ft S0 5 PLUS
20 1 4 20 02 ERA X 2
20 1 6 8 6 00 YMIM US L DA A # S 0 0 MI MT T S
20 18 E7 20 00 X 2 STA A DIP. SET D IP
20 1 E 8 6 08 L DA A #5 0 8 YMOTQR
20 1 D B7 20  0 1 V  o/ V  o STA A STEP C £ ,r  m  0  ^0  n
AMOVES MO TO r: MUMPER OF MM AS IM
*  TO I T 5 EL 5E P 0 1 M T TO IT- .
*  ARG UMEMT 2 n W IL L  EE 50 0 5 DT 02
*M A IM POUTIMES
2 0 2 0 DE 5D MAIM LEX 500  5D LOG OF t
2 0 2 2 7 F 20 0 2 CLP MM
20 2 5 E6 06 L DA E 6 , X
2 0 2 7 5C I M C B START IM
2 0 2 8 8 6 0 4 POL 4 L DA A # 5 4
20 2A 69 0 1 P. 2 ROL 1 , X
2 0 2  C 69 00 ROL
2.0 2 E 79 2 0 0 2 ROL MM
2031 4A DEC A
2 0 3 2 26 E 6 EME P 2 MOT DOME
2 0 3 4 5A DEC E
20  3 5 26 El EME POL 4
2 0 37 7 E 2 0 0 2 P 4 ■ T  P  T MM
20 3 A 2 6 0 1 RME r- o
20 3 C 39 P T 9
20 3 D 8 D 1 A P 3 P  5 r -' 1 0  VE
20 3F 7 D 2 0 0 4 T ST FLAG
20 42. 27 0 7 EEC P 5
2 0 4 4 8 6 99 LDA A ff 59 9 H I T  L I M I T
2 0 4 6 DE 5 D LEX 50 0 5 D
20 48 A 7 0 0 STA A 0 , X
20 4 A 39 T> T  c
A*"1 G I ’M EMT PC 
30 0 0
TO U S E
c
C\Pr.
L M I E E L E
SO r ' }• ~ * 'T'-j
c err.
C:<7> 0  9
9 9 ( -  1 )
B . 7
002 STEP I V
20 AB 8 D 02 TO C ESP B CDEC
2 0A D 20 E8 BP A R A
*EMD ' I A I : J P r 0 G
*  DCDEC DEC,S BCD MO IM M:m
20 AF B6 2002 EC DEC L DA A MM
2 0 5 2 8 B 99 ADD A U £9 9 10’ s com:
2 0 5 A 19 DA A
2 0 5 5 B7 200 2 STA A MM
20- 58 39 RTS
*  HO V  E G EM EPAT E:s PULSES FOP M 0T 0 ’
*  AT D 0MLY ‘MOVES I F  OKAY
20 59 7F 20  0 A MO V E CLP FLAG
20 5C F 6 200 1 L DA p STEP
20 5F FA 20 0 0 ORA p D IP
20 62 E6 8 0  16 L DA A £ 8 0 1 6
2 0 6 5 27 56 EEC PULSE
2 0 6 7 36 PSH A
20 68 37 p CM r.-
2 0 6 9 8 A 0 1 AM D A. u 5 p i X L 0 T' MAP
20 6E 27 0C P'C'C L 1 M 0 T H I T
2 0 6  D C A 03 AM D P; // $ 0 3 X MASK
20 6 F Cl 0 2 CMP p # 50 2 X  _ P  T PTi'f
20 7 1 26 0 6 BMP L 1 MOT
20 7 3 BA 2 0 0  A ORA A FLAG F L A G + $01
20 7  6 E7 20 0 A STA A FLAG
2 0 7 9 3 3 L 1 PUL P
20 7 A 32 PUL A
20 7 B 36 PSH A
2 0 7  C 37 PSH P
20 7  D 8 A 0 2 AMD A #SG2 XH IGH MS:
20 7 F 27 0C BEG L 2 X CUI T CF
2 0 8  1 CA 0 3 AH r. B #£0 3 X MASK
2 0 8 3 Cl 0 3 CMP E #$0 3 X+ D I R 9
20 8  5 26 06 EM E L 2
20 8  7 BA 20 0 A ORA A FLAG
20 8 A B7 20 0 A STA A FLAG
208  D 33 L 2 PUL B
2 0 8  E 32 PUL A
2 0 8  F 3 6 PSH A
2 0 9 0 37 PSH B
209  1 8A 0 A AM D A U $0 A YLOU* MSX
209  3 27 0C EEC L 3 MOT H I T
209  5 CA 0C AM D B # SOC Y M A SX
2 0 9 7 C 1 08 CMP 3 H  $ 0  8 Y -  DI  R ?
2 0 9 9 2  6 06 BM E L 3
209  B BA 20 0 A OPA A t -i FLAG
209 E B7 2 0 0  A STA A FLAG
20 A 1 33 L 3 PUL P
2 0 A 2 32 PUL A
20 A3 3 6 P SH A
20 A A 37 PSH n
20 A 5 8 A 08 AM D A # S G 8 YH I GH M S:
20 A7 27 0C 'BEC LA MOT H I " '
20A9 CA 0C AM D B # SC C Y MASK
OF 1
OH
MO'1' H I
'•’ I T CH F c
B. 8
00 3 STEP IV
20 AB Cl 0C CMP B # S  0C Y+ D I P
20 AD 26 0 6 BN E L 4
20 A F BA 2 0 0  A ORA A FLAG
2 0B 2 B7 2 0 0 4 STA A FLAG
20 B 5 33 L 4 PUL P
20 B6 32 PUL A
*  TEST I F  WERE: MOVE i :U D IP  SWITCH
20 B7 7 D 20 0 4 T ST FLAG
20 BA 27 0 1 BEQ PULSE
20BC 39 RT S
*  PULSES STEP L I M E  BY EX C• OP V I 'r H
* T H I  S COMPLEMEUTS B I T S  USING STEP
20 BD 8 6 6 A PULSE L DA A # $ 64 100 S T EP S
20 BE B7 20 0 3 STA A P COUNT
20 C2 E6 2 0 0 0 L DA A D I P
20 C 5 B8 20.0 1 L8 EOR A C T r p
20C8 B7 80  1 0 STA A $8 0 1 0
20 CB 8 D 0 E BSP DELAY
20 CD B8 2 0 0 1 EO R A CT TTp
20 D0 B7 8 0  1 0 STA A $80  10-
20 D3 8 D 06 B S R DELAY
20 D5 7 A 20 0 3 DEC P COUNT
20D8 2 6 EB BM E L8
20 DA 39
*  DELAY
P T S
ROUT I Mrr
20 DB C6 30 DELAY L DA D # $ 3 0
20 DD 5A L9 DEC B
20 DE 20 00 EP a *  + 2
20 E0 20 00 BP A * + 2
2 0 E 2 20 00 BP A * + 2
2 0 E 4 20 00 BP A *  + 2 T IM E  VASTR'
2 0 E 6 26 F 5 HUE L9 DELAY LOOP
20 E8 39 RTS
AS MASX 
( l mm )
•4* M 4*
ERRORS 0 0 0 0 0
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APPENDIX C.
Manufacturers and Suppliers List.
Name. &. addrgss Equipment
A.E.P. International Ltd. 5-hole pitot tubes
Victor House Eagle Eye flowmeter
Norris Road 
Staines
Middx 0784 57571
Furness Controls Ltd. Micromanometer
Beeching Road South 
Bexhill on Sea 
Sussex 0424 210316
Hawke Cramer Motorola M6800 ancillaries and
45 Hanworth Road technical information
Sunbury-on-Thames 
Middx 01 979 7799
M. K. Air Controls Solenoid valves
Young Industrial Estate
Stanbridge Road
Leighton Buzzard
Beds 05253 4157
S.W.T.P. Microcomputer kit (SWTP6800)
14 Dover Street 
London SW2
Time and Precision Traverse and stepper motors
Whitney Road 
Daneshill East 
Basingstoke
Hampshire 0256 28 428
C.l
APPENDIX D.
BULLtMIN UH'UAg
CALIBRATION DATA
Procedure for determining velocity in three dimensions by use of fixed 
DA-125 United Sensor probe.
The probe should be aligned as nearly as possible with the expected 
direction of flow.
Observe Pi, P 2 , P3, and (P4 - P 5)
P p — P 3 P 2 P 3 j.1. Calculate — -— y - where P = --- ----  and read yaw angle cp from Fig.l.
Pi - P
2. Calculate “ — anc^  (with (f>) read pitch angle 0 from Fig. 2.
Pi - P*
Pd — P3. Read --- ——  from Fig. 3; calculate (Po - P)
Pi - P
4. Read — — - y°- from Fig. 4; calculate (Pi - P) and hence Pi - Po
Pi - P
5. Calculate stagnation pressure Po = Pi - (Pi - Po)
6. Calculate static pressure P = Po - (Po - P)
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Pressure corrections for the 'Eagle Eye1 flowmeter.
Inlet size (In , ITT) (mm) —    X w Static gauge pressure (mm 1^0)
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Mass flow = Indicated flow x Flow pressure_______
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